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JOHNATHON RACKHAM et al.

PHYSICAL REVIEW B 108, 104415 (2023)

FIG. 4. X-ray resonant magnetic scattering (XRMS) results for M11 at 300 and 20 K. (a) Normalized magnetization curve M(H) measured
at 300 K, focusing on the positive branch. (b) |Ry|(¢) data measured at 300 K at the various H values indicated on the M(H) curve (a). (c)
Normalized magnetization curve M(H) measured at 20 K showing hysteresis, with coercive field |H,| = 300 Oe. (d) |Ry|(g) data measured at
15 K, at the various H values indicated on the M(H) curve (c¢) from 43000 Oe down to —400 Oe, past the coercive point. For (b) and (d), the

|Ry|(q) data are normalized to set the value of the peak at g* to 1.

The normalized magnetic ratio signal |Ry|(q) for M11 is
shown in Fig. 4, both at 300 K above Ty [Figs. 4(a) and 4(b)]
and at 20 K well below Ty [Figs. 4(c) and 4(d)]. In contrast
with M5, the data for M11 generally show a more pronounced
dependence of the shape of R3,(g) on the magnetic field H.
The |Ry|(g) data in Fig. 4(b) collected at 300 K and H= 3000
Oe show essentially one single peak, located at the same
g* as the peak in the charge scattering signal in Fig. 2(d),
corresponding to FM ordering. When the field H is lowered,
the FM peak remains present, but the magnitude of the signal
at around g */2 progressively increases, suggesting the gradual
emergence of some AFM correlations in the NP assembly. The
AFM signal remains, however, limited, dominated by the FM
signal.

At 20 K, on the other hand, the progression is significantly
more drastic. While at H= 3000 Oe, the system shows mostly
FM ordering with a main peak at g*, the shape of |Ry|(g),
however, drastically changes when the field H is lowered, and
an AFM signal extended on a wide g range near g*/2 arises
and eventually surpasses the FM signal. At 20 K, M11 shows
hysteresis, so at H= 0, there is still a strong remanence (M /M
~ 25%). When further decreasing H down to negative values,
the AFM signal then strikingly increases, far dominating the

FM signal, and reaches a maximum value at the coercive point
H = —H, = —300 Oe.

The data on M5 and M11 undeniably show the emergence
of some AFM ordering of OOP nanospins, when the NP
assembly is cooled down below Tz and when H~0. It also
shows that the amount of AFM correlations with respect to
the amount of FM correlations depends on particle size. The
data here suggest that the smaller 5 nm NPs tend to orient
mostly randomly when the field is released to zero, whereas
the bigger 11 nm particles show significant AFM correlations
that are the strongest when the field is brought to the coercive
point.

To solidify these qualitative observations, we fitted the
data using an empirical model, which provides quantitative
information about the various magnetic orders in the NP as-
semblies, including their relative amounts and their associated
periodicities and correlation lengths.

V. DATA FITTING

Here, we describe the empirical model we utilized to fit
both the charge and the magnetic components of the x-ray
scattering data. The primary goal of this fitting work is to
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TABLE 1. List of the parameters used in the global fit of the charge and magnetic scattering data.

Parameter Description Boundaries constraints Symbol for associated physical quantity
b, Charge central amplitude b >0 Ay
b, Charge central width b, >0 wo
b3 Charge peak amplitude b= 0 A,
by Charge peak position by >0 q*
bs Charge peak width bs >0 o8
be Charge baseline b¢= 0 B,
(o3} Magnetic central amplitude =0 A,
[ Magnetic central width 0<c <1 o]
3 FM amplitude c32 0 Apm
Cy FM peak position g £ ¢ qgrm
Cs FM width 0 < ¢5 < Omax OEM
Ce AFM amplitude c= 0 AAF
c7 AFM peak position q/2 £ ¢ gAF
cg AFM width 0 < cg < Omax OAR
Co Magnetic baseline co> 0 B,,

obtain quantitative information on the various magnetic order-
ing components present in the material and their dependence
with field and temperature for each particle size. Below, we
review the model used for the fit, its mathematical formula-
tion, and its associated parameters. We then describe how the
fit was conducted and optimized as a global fit on the charge
and magnetic components at different field values.

A. Model

We adopt here an empirical model consisting of fitting
the scattering data directly in the g space. Best results were
obtained with Lorentzian functions for fitting the charge scat-
tering signal Iy and with Gaussian functions for fitting the
magnetic scattering signal |[Ry|.

First, we fit the charge scattering signal Iy = (I + 1-)/2,
which generally exhibits one main peak, sitting over a diffuse
scattering background, using a combination of Lorentzian
functions:

2 bs
+ by
P+b3 (g by)* + bl

where b = (by, by, ..., bg) represents the fitted parameters.
The parameters b; and b,, respectively, represent the magni-
tude and width of the diffuse scattering signal centered at g
= 0. The parameters b3, by, and bs, respectively, represent the
magnitude, position, and width of the charge scattering peak
centered at ¢ =g*, and the parameter b represents a baseline.
Once the peak position and width are fitted to optimal values
(by = q*, bs = w.), we estimate the charge correlation period
Po = fl—’;, interpreted as the average interparticle distance, and

Ip(b; q) = by

+ be,

associated correlation length A, = 2&.

Next, we fit the magnetic signal |Ry|(g), which usually
includes a mix of interparticle magnetic orders. The model
function to fit the |Ry,| data consist of three pieces: a Gaus-
sian function centered at ¢ = 0 with an associated baseline
constant to account for the diffuse magnetic scattering signal
and for random orientation of nanospins, a Gaussian function
accounting for the FM ordering, and a Gaussian function ac-
counting for the AFM ordering. The AFM order corresponds

to an up/down alternation of neighboring nanospins. If oc-
curring along one given direction (1D) in the material, this
alternation theoretically yields a magnetic periodicity that is
twice that of the FM order: par = 2pgrm. The associated AFM
scattering signal should then be located near ¢ & ¢*/2. In
practice, the fitted location g* for the charge peak could be
used to set the target locations of the FM and AFM peaks,
around ¢* and g*/2, respectively. However, the XRMS data
show that the AFM signal is often extended on a wide range of
g values near but not necessarily centered on %. We therefore
set the position of both the FM and AFM components free
to be fitted. The modeled quantity |Ry,| is then written as
follows:

IRyl(e:q) = ——e ( "2)
;q) = —=—=exp| —>5
M q 27 P ZC%

L exp _(CI—C4)2
cs/ 21 26%

cs (q—c1)*
+ exp| — =+ ¢,
cgN/ 21 p|: 26% ’

where ¢ = (cy, ¢z, ..., C9) represents a set of fitted coeffi-
cients in our model. The coefficient ¢, is the relative amplitude
of the central diffuse magnetic scattering signal, ¢, its width,
c3 the relative amplitude of the FM scattering signal, c4 its
position (set free to deviate from ¢* within =+ ¢), ¢s its width,
ce the relative amplitude of the AFM scattering signal, ¢ its
position (set free to deviate from ”—;within =+ &), cg its width,
and ¢y the relative height of an empirical baseline. All the fit-
ting parameters along with their descriptions, their associated
boundaries, and the physical symbols associated with them
are summarized in Table 1.

The fitted parameters are used to calculate the follow-
ing quantities: the FM correlation period ppm = 27 /gpm and
associated correlation length Apy = 27 /opym; the AM corre-
lation period par = 27 /qar and associated correlation length
Aar = 27 /oap. The relative amplitudes Apy and Aap of the
FM and AFM signals are used to quantify the respective
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FIG. 5. Illustration of the fits carried on the charge scattering intensity /, and magnetic ratio R, signals. I, was fitted using Lorentzian
functions and R, using Gaussian functions. In each case, individual Lorentzian/Gaussian components are shown in dashed lines. (a) Fit of Iy
and (b) fit of R,, for M5 at 15 K and H = 600 Oe. (c) Fit of [ and (b) fit of R,, for M11 at 20 K and H = —400 Oe.

concentrations (in %) of the FM and AFM correlations in the
NP assembly. In this estimation, we set the FM concentration
to be equal to the normalized net magnetization M/M; since
the net magnetization essentially results from FM aligned
nanospins.

B. Synchronous fit of charge and magnetic signals

This global fit was done using the Python library LMFIT and
its extension of the LMA to find the best fit parameters within
a restricted domain. The allowed domain for cs is g*+ ¢. For
M5, g*=1.00nm~! and & = 0.08 nm~! (8% of ¢*), whereas
for M11, ¢g*=0.38nm™~! and ¢ = 0.06 nm™! (~16% of ¢*).
Another important constraint is the range for the Gaussian
widths o. Its upper limit o, corresponds to the lower limit
of possible correlation lengths, which we set to the average in-
terparticle distance, namely, o, = 2p/po. These constraints,
summarized in Table I, restrict the domain of the parameters
sufficiently to maintain our mechanistic interpretation of the
model.

The dataset is comprised of points for each sample at
different applied magnetic field values and temperatures. For
each field value and temperature, we first fit the charge sig-
nal to determine the value of g*, which sets the boundary

constraints for the fitting of the R,, signal. The choice of
initial parameter values has a large effect on the results of
the LMA. To ensure that we escape local minima, we run the
LMA on each data point 300 times with each time the new
initial parameter guess being a small random deviation from
the previous best fit result.

We estimate the standard error in the parameters using the
method employed in the LMFIT library, namely, the square
roots of the diagonal elements of the covariance matrix cal-
culated from the model residual Jacobian evaluated at the
best fit parameter values. For the error associated with figures
of interest derived from parameters, we employed standard
error propagation methods to determine the uncertainties in
the AFM/FM ratio and normalized Agy and Aar values.

A selection of fits for both the charge and magnetic scatter-
ing signals at different temperatures and field values for M5
and M11 is shown in Fig. 5.

VI. INTERPARTICLE MAGNETIC ORDERING

Below, we discuss the results of the fit, from which various
physical quantities are extracted, including the periodicity and
the correlation lengths for the observed charge and magnetic
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TABLE II. Overview of the data collected on M5 and M11, where the field values are listed for each temperature. Green and red cells
correspond to data for which the lower bound on the 95% confidence interval (CI) for the AFM amplitude (coefficient ¢ in the model) was
above zero or included zero, respectively. When cg is zero, the parameters associated with the peak location and width become unidentifiable,
and we can make no claims as to their values; therefore, we omit these results.

T (K) H (Oe)
M5 300 200
15 0 400/ 600| 1000/ 2000| 3000
M11 280 100, 200 600 3000
20| -400| -300 0| 100/ 200{ 400{ 600
No Data Lower Cl Bound >0 -Lower Cl Bound includes 0

correlations as well as their respective strengths and their
evolution throughout the magnetization process at various
temperatures for both particle sizes.

A. Data overview and sorting

An overview of the fitted data is shown in Table II, where
the field values are listed at each temperature, for M5 and
M11. When fitting these data, the parameter relating the AFM
correlation length showed unrealistic values for some of the
datasets. This typically occurred when no apparent AFM peak
was visible in the magnetic scattering signal Ry,. In Table II,
the red cells indicate those datasets for which the lower bound
on the 95% confidence interval for the AFM amplitude (co-
efficient c¢¢ in the model) reached zero, making the estimate
of the associated period and correlation length unreliable. The
red cells essentially correspond to data collected at high T for
MS5 and high field values for M11, where no significant AFM
component was detected. We chose not to display the fitted
AFM period nor the associated correlation lengths for these
datasets in the subsequent figures.

B. Charge and magnetic periodicity

The fitted charge periodicity py and magnetic periodicities
prMm and par are plotted against the applied magnetic field H
in Fig. 6.

For both M5 and M11, the fitted charge period py remains
unchanged when H is varied. When averaged over all field
values and all temperatures, the average charge period is
po =6.29+0.01 nm for M5 and py = 16.5+ 0.2 nm for
M11. The limited variations (1% or less) across the field range
[0, 3000 Oe] confirm that the NPs are not physically moving
when a magnetic field up to 3000 Oe is applied. No thermal
contraction or dilation of the NP assembly is observed, as the
interparticle distance remains unchanged throughout cooling
and heating. This suggests that, once the solvent is evaporated
after deposition on the silicon nitride membrane, the deposited
NPs form a rigid monolayer.

The fitted FM period ppm remains close to the value of the
charge period p( across the entire field range of field values
and temperatures. When averaged across magnetic field H and
temperature, the average fitted FM period is ppy = 6.35 +
0.13 nm (a 2% variation) for M5, and pgry = 16.8 £ 0.7 nm

(a 4% variation) for M11. The fact that ppy & po for both
the 5 and 11 nm NPs confirms that each NP remains magnet-
ically monodomain throughout magnetizing and throughout
cooling/heating.

When the AFM signal is present, the fitted AFM period
par lands at a value close to 2py. Namely, on average, par =
12.2 £ 0.4 nm for M5 and par = 32.5 £ 3.9 nm for M11.
Here, par shows larger variations (up to +12%) across field
values than ppy. However, the 95% confidence intervals cal-
culated at each H value go up to Apar = 1.4 nm for M5
and up to Apar = 15 nm for M11. This suggests that the
observed variations on par with H may not reflect a real
physical change but are mostly caused by uncertainties on
locating the AFM peak due to the wideness of the peak,
itself caused by the size inhomogeneities, particularly large
for M11. Additionally, the fitted pap values are spread over a
range that includes not only 2p, but other remarkable values
such as «/§po, as visible in Fig. 6.

When looking more closely at the fitted values for the AFM
peak location over the entire dataset [histogram in Fig. 7(a)],
we find that they are distributed around two main values: g* /2
and ¢*/+/3. In real space, this corresponds to periodicities
par of 2p and v/3p, respectively. Recalling that the XRMS
probe is sensitive to the OOP component of the magnetization
only, the observed magnetic correlations can only relate to
arrangements between OOP nanospins. Given that the studied
material consists of 2D monolayers of NPs that tend to form
hexagonal lattices, one can associate the two observed par
values to two distinct AFM arrangements of OOP nanospins
within the physical hexagonal lattice of NPs. These magnetic
arrangements are illustrated in Fig. 7(b), where the colored
dots represent the direction of OOP nanospins and form a
magnetic superlattice in the frame of the physical NP hexago-
nal lattice. One possible arrangement is a linear type, where
the nanospin alternation occurs along one direction, as it
would be in a 1D chain of NPs. The AFM period in that
case is simply twice the nearest-neighbor distance par = 2pg.
Another arrangement is a honeycomb type [48], where the
alternation occurs between nanospins located at the six sites
of a hexagon. In that case, the AFM period is the second
next-nearest-neighbor distance pap = 2 cos(30°)pg = \/gpo.
This magnetic honeycomb superlattice arrangement partially
addresses the well-known spin-frustration issue that occurs
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FIG. 6. Periodicities extracted from fitting the charge scattering peak in the [ signal, as well as the ferromagnetic (FM) and antiferromag-
netic (AFM) components in the R,, signal, plotted against the applied magnetic field H, for M5 at (a) 300 K and (b) 15 K, and for M11 at (c)
300 K and (d) 20 K. Error bars show the 95% confidence intervals.

for AFM-coupled OOP spins on a triangular (hexagonal)
lattice. In the honeycomb superlattice, the six nanospins on
the hexagon all satisfy the AFM alternation between OOP
neighboring spins. The nanospin situated at the center of the

hexagon is represented by an empty circle to signify that its
direction is unknown and may as well be oriented in-plane
(IP) and not detected via the XRMS probe. While posing a
potential spin-frustration issue, the linear AFM arrangement

(a) (b)

Linear
AF arrangement

Honeycomb
AF arrangement

Histogram of AF peakto q” location ratios
L)

-—— Q'R
wee @'N3
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@ SpinUP
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FIG. 7. Visualization of antiferromagnetic (AFM) arrangements of out-of-plane (OOP) nanospins in two dimensions (2D). (a) Histogram
of the fitted position gar of the AFM component (coefficient ¢;) for M5 and M11 combined, clearly showing two dominant values, ¢*/2 and
q* /3. (b) lllustration of possible AFM arrangements of OOP nanospins, in a physical hexagonal lattice of nanoparticles (NPs): a honeycomb
lattice of nanospins for the ¢*/+/3 component and a linear arrangement of nanospins for the ¢* /2 component.
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FIG. 8. Correlation lengths extracted from fitting the charge scattering peak in the I signal, as well as the ferromagnetic (FM) and
antiferromagnetic (AFM) components in the R,, signal, plotted against the applied magnetic field H, for M5 at (a) 300 K and (b) 15 K,
and for M11 at (c) 300 K and (d) 20 K. Error bars show the 95% confidence intervals.

here id as widely observed as the honeycomb AFM arrange-
ment. Such a variety of magnetic arrangements is possible
because of the wide distribution of NP sizes, leading to spa-
tial irregularities in the NP assemblies, composed of sparse
islands of hexagonally close-packed NPs, allowing short-
ranged 1D chains of NPs to form at locations. On the other
hand, some neighboring nanospins may be oriented IP and
remain undetected in the XRMS measurement. We note
that, while the magnetic dipolar couplings favor the AFM
alignment of spins oriented transversally with respect to the
direction of the connecting segment (which is the case for
OOP nanospins), it also favors the FM alignment of spins
oriented colinear with the connecting segment (which would
correspond to IP nanospins), thus allowing a wide variety of
nanospin arrangements, not all visible via XRMS.

C. Correlation lengths

The fitted correlation lengths for the respective charge and
FM and AFM orderings are shown in Fig. 8. These correla-
tion lengths A are extracted from the fitted peak widths. The
correlation length is galculated as follows: When using Gaus-

T

sian functions, A = =, and when using Lorentzian function

A= %”\/ 2In2 to account for the mathematical difference as
well as the fact that I represents an intensity and |R,,| repre-
sents an amplitude.

The fitted charge correlation length, averaged over all field
values and temperatures, is found to be A, = 64.8 = 1.1 nm
for M5, which corresponds to ~10.3 NPs being correlated
in any direction. For M11, A, ~ 53.3 & 1.6 nm, which cor-
responds, on average, to ~3.2 NPs being correlated in any
direction. The values for A, appear independent of the field
magnitude and the temperature. The discrepancy in relative
correlation lengths between M5 and M 11 is essentially due to
particle size inhomogeneity being more pronounced for M11
than M5. The higher homogeneity of 5 nm NPs allows the par-
ticles to self-assemble and structurally correlate over longer
ranges compared with the more inhomogeneous 11 nm NPs.

The fitted FM correlation length Apy remains relatively
stable across field values for both M5 and M11. Like the
charge correlations, the FM order appears to extend over a
larger number of NPs in the case of the 5 nm NPs than that
of 11 nm NPs. For M5, the average FM correlation length at
room temperature is Apyy = 60 & 12 nm, which corresponds
to ~9.6 NPs being FM correlated in any direction. For M11,
Arm = 70 £ 20 nm, corresponding to ~4.2 NPs being FM
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FIG. 9. Concentrations for the ferromagnetic (FM) and antiferromagnetic (AFM) correlations as a function of field H, above and below
T3, (a) for M5 at 300 K, (b) for M5 at 15 K, (c) for M11 at 280 K, and (d) for M11 at 20 K.

correlated in any direction. These values do not significantly
change when cooling down below Tp.

The fitted value for Aar shows large (up to 100%) uncer-
tainties at certain field values, so the observed variations of
Aap with field H are not meaningful.

D. Magnetic ordering vs applied magnetic field

The relative amplitudes associated with the fitted FM
and AFM components (coefficients c3 and cg in the model)
and their evolution throughout the magnetization process are
shown in Fig. 9. For comparison purposes, the FM amplitude
cpMm 1s set to the value of the normalized net magnetization
M /M that was measured via VSM (except near the coercive
point where M= 0, and instead, the relative magnitude of
the magnetic scattering signal |R,,| is used). This normalized
concentration cpy is interpreted as the portion of the NP
assembly where nanospins align FM OOP. The normalized
AFM concentration cap is accordingly set as car = (c¢/c3)
M /M, and corresponds to the portion of the NP assembly
where nanospins align AFM OOP. The sum cpy + car should
not exceed 1 or 100%. The remaining portion, 1 — cppm — CaAF,

corresponds to the portion of the material that is neither FM
or AFM correlated OOP and which we identify as mag-
netic randomness. These random nanospins may be aligned
either OOP or IP. The fitted values for these various coef-
ficients for M5 and M11, respectively, are summarized in
Table III.

Both M5 and M11 display the following trends at room
temperature (above 73): (1) the FM concentration decreases
as the field decreases from 3000 Oe to zero according to the
respective magnetization curves; (2) the AFM concentration
at room temperature remains relatively small (<2.3% for M5
and <9.2% for M11) across all field values; (3) as the field is
decreased, the magnetic randomness increases and gradually
takes over, reaching up to 93% in the case of M5 and 78% in
the case of M11. This confirms the predominant SPM nature
of the NP assemblies above Tp.

E. Dependence on temperature

Significant changes in the magnetic behavior are observed
when cooling the material from above to below Tz. While
magnetic randomness remains predominant, a nonnegligeable
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TABLE III. Measured and fitted values of selected parameters for M5 and M11, including blocking temperature (73), coercive field
(H.), normalized magnetization (M/M,) at 3000 Oe, fitted periods and correlation lengths for the charge, FM and AFM contributions, fitted
concentrations for randomness and AFM order, and fitted AFM/FM concentration ratio.

M5 (5 nm) MI11 (11 nm)

T 28 K ~170 K
Average charge period pg 6.29 £ 0.01 nm 16.5£ 0.2 nm
Average charge correlation A, 64.8+ 1.1 nm 533+ 1.6 nm
Average FM period ppy 6.35+£0.13 nm 16.8 £ 0.7 nm
Average FM correlation Apy 60 £+ 12 nm 70 £ 20 nm
Average AFM period par 12.2 £ 0.4 nm 32.5+3.9nm

300 K 15K 280 K 20K
H. 0 Oe 0 Oe 0 Oe —300 Oe
M/M; @ 3000 Oe 0.58 0.69 0.91 0.89
Randomness @ 3000 Oe 42% 14% 0.7% 7.6%
Max randomness 93% 81% 78% 82%
Min AFM concentration Ag 0.2% 3.2% 2.3% 1.6%
Max AFM concentration Ag 2.3% 12% 9.2% 35%
Max (Aar/Apm) average ratio 0.35 1.6 0.16 3.8

AFM ordering component emerges at low field values when
below T5.

For M5, we observe the following: at 300 K, the random-
ness concentration starts above 42% at 3000 Oe and increases
up to 93% when H is decreased to zero (remanence). Through-
out the entire field range, no significant AFM correlations
are measured (AFM concentration remains <2.3%). At 15 K
below Ty, M5 exhibits a similar trend, except the randomness
concentration at 3000 Oe is not as high, down to 14%. As the
field decreases to zero, the randomness increases up to 81% at
remanence, where small but nonnegligeable AFM correlations
emerge, covering up to 12%. While the magnetization data
for M5 indicates no sign of significant hysteresis at 300 or
15 K, the XRMS data reveal the presence of nonzero AFM
correlations between OOP nanospins near remanence. The
XRMS data also allow us to quantify the amount of these
AFM correlations and see that it sensibly increases (from ~2
to 10%) when cooling the material below Tp.

In the case of M11, AFM correlations between OOP
nanospins are also observed, and they appear to be even
stronger than for M5. Above Tj, the measured AFM concen-
tration reaches up to 9.2% at 300 K. When the material is
cooled down to 20 K, below 7 where significant hysteresis
is observed (H. = 300 0e) and when the field is decreased
near the coercive point, the AFM concentration significantly
increases, covering up to 35% of the NP assembly, with a
confidence interval for this parameter ranging from 29% to as
high as 48%. Here again, not only the XRMS data corroborate
the VSM data which show hysteresis, but they allow us to
identify the nature and extent of the magnetic interactions
between OOP nanospins at the coercive point.

While discussing temperature dependence, one should ac-
count for possible time averaging effects due to the inherent
magnetic fluctuation of the nanospins in the NP assemblies.
Indeed, in the SPM phase and in the absence of magnetic field,
the nanospins supposedly randomly fluctuate at a time scale
comparable with or even faster than the measurement time,
preventing the observation of any magnetic ordering. How-
ever, when cooling the NP assemblies below their blocking

temperature, the dynamics of magnetic fluctuation drastically
slows down, and at low T well below Tg, the nanospin dis-
tribution may appear almost static at the timescale of the
measurement. It is then possible to observe instantaneous
magnetic orderings occurring between the nanospins. In a sep-
arate study, we will measure characteristic fluctuation times
ranging from ~200 s at 200 K up to ~5000 s at 15 K for
M5 (for which Tz ~ 25K), and from ~4000 s at 250 K up
to ~50000 s at 100 K for M11 with 7z ~ 170 K). Based on
these data, we can comfortably assume that, during the XRMS
collection time (~200 s), the NP assemblies are mostly static,
with little effect from magnetic fluctuations on the observed
magnetic correlations.

F. Dependence on particle size

The differences in the magnetic behavior of M5 vs M11
suggest a possible dependence on NP size. To identify a
possible trend, we have plotted, in Fig. 10, the relative ratio
car/cepm Of the AFM and FM components as a function of
H. For both M5 and M11, and at all temperatures, this ratio
remains relatively small (<0.1) in most of the field range.
Only when the field approaches zero (or the coercive point
in case hysteresis exists), the AFM/FM ratio starts increasing
drastically. At that stage, a noticeable difference is observed
between M5 and M11: for M5, the AFM/FM ratio goes up
to ~1.6 with a 95% confidence interval ranging from 0.4 to
3.1, whereas for M11, the AFM/FM ratio goes up to ~3.8
with a 95% confidence interval ranging from 3.2 to 5.4. This
suggests that the NP particle size may affect the strength
and extent of AFM correlations when present: The larger
11 nm NPs show a higher AFM concentration than the 5
nm NPs. This effect is likely caused by the drastic increase
in the magnitude of the nanospin carried by individual NPs
when the NP size increases. In theory, if ignoring surface
effects, this increase goes cubically with the particle size.
We estimated the nanospin moment for the 5 nm NPs to be
M, ~ 1400 pg, whereas for the 11 nm NPs, M, ~ 14000 g,
which is ~10 times stronger. The dipolar magnetic interaction
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FIG. 10. Relative antiferromagnetic (AFM)/ferromagnetic (FM) ratio vs H field at high and low T for (a) M5 and (b) M11.

. . . . M?
between neighboring nanospins, which goes as £ ~ =%

3 9
increases quadratically with M,. Assuming the interparticle
distance p is fixed, this dipolar interaction is amplified by
nearly a factor of 100 when increasing the NP size from 5
to 11 nm. The average interparticle distance p also increases
from 6.3 to 16.5 nm when going from M5 to M11. However,
even when accounting for the larger spacing, the dipolar in-
teraction still increases by about a factor of 5 when going
from 5 to 11 nm NPs. Consequently, the AFM correlations
are stronger for the larger 11 nm NPs than the 5 nm NPs.

VII. CONCLUSIONS

Our XRMS study of monolayers of magnetite NPs has un-
veiled nanoscale interparticle magnetic correlations within 2D
assemblies of nanospins that are unseen via other conventional
magnetometry techniques and difficult to access via SANS.
The XRMS data are particularly instructive when the net
magnetization is near zero (which occurs near zero field when
in the SPM state or near the coercive point when hysteresis
exists), and there is a question whether the nanospins are
randomly oriented or magnetically correlated.

If the magnetometry data show no hysteresis, it is gener-
ally assumed that, at zero magnetization, the nanospins are
magnetically uncorrelated, and magnetic randomness is ex-
pected. However, our XRMS data revealed that, even in the
absence of visible hysteresis, nanoscale magnetic interparticle
correlations between OOP nanospins may exist. Even to a
small extent (in the range of a few percent), these correla-
tions, invisible via standard magnetometry, can be detected
and quantified via XRMS. If, on the other hand, hysteresis
occurs in the magnetization loop, the hysteresis is commonly
attributed to various magnetic anisotropies within the NPs,
but little is known about the effect of possible interparticle
magnetic interactions. The XRMS technique allows us to vi-
sualize the nanoscale magnetic correlations at any point of the
magnetization loop and thus reveals the nature of the reversal

processes through the coercive point. Our XRMS data show
that, when applying OOP magnetic field, the hysteresis is ac-
companied by significant interparticle magnetic correlations
and that, at the coercive point, extended AFM ordering occurs
between OOP nanospins.

For both the 5 and 11 nm NPs, we found that, when
above their respective blocking temperatures 7z, magnetic
randomness, where the nanospins may be pointing either OOP
or IP (nondetected), largely dominates when the magnetic
field is released back to zero, confirming the SPM nature of
the NP assemblies. However, when these NP assemblies are
cooled down below Tp, significant OOP interparticle AFM
correlations emerge when the magnetic field is released. For
the smaller 5 nm NPs, even though no magnetic hysteresis
was observed at 15 K, AFM ordering covering up to 12%
of the assembly was detected. For the larger 11 nm NPs
that exhibit visible hysteresis below 7z, more extended AFM
correlations covering up to 48% of the assembly were detected
at 20 K. These largely extended OOP interparticle magnetic
correlations can be physically explained by magnetic dipole
couplings, which favor the antiparallel alignment of neigh-
boring dipoles in the direction transverse to the connecting
segment.

Based on these findings, useful directions to investigate in
the future include further studying the possible role played by
interparticle magnetic interactions in the observed hysteresis
additional to internal magnetic anisotropies. One way to ac-
complish this is by varying the average interparticle distance
(adjusting the NP concentration) for a given NP size and
studying the resulting change in hysteresis and accompanying
XRMS signal. It would also be helpful to investigate the
dependence on NP size and shape. Additionally, it would be
interesting to compare the XRMS signal measured with an in
situ magnetic field applied IP vs OOP. This may help elucidate
the various magnetic contributions to the observed hysteresis
and nanospin orderings.

These experimental results may be used to further refine
the general modeling of the nanoscale magnetic behavior of
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a collection of nanospins, using a combination of Stoner-
Wohlfart type of models, with magnetic dipole couplings and
Zeeman interaction.

Finally, the XRMS tool can be useful for medical applica-
tions, such as hyperthermia, drug delivery, and gene delivery,
where functionalized encapsulated magnetic NPs are manipu-
lated via an external magnetic, and their collective response
strongly depends on the presence of interparticle magnetic
couplings. If interparticle magnetic couplings are undesired
in these applications, one could learn to eliminate or control
them by adjusting the NP size, structure, and environment. In
conclusion, nanoscale magnetic correlations in NP materials
are still largely unknown. The XRMS technique allows the
detection of interparticle magnetic correlations that cannot be

seen via standard magnetometry techniques and provides a
way to potentially control and tailor these magnetic correla-
tions for various applications.
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Figure 3.1 A collection of a ptychographic imaging data set. (a) Coherent illumination
incident from the left is locally confined onto an area of the sample. A detector downstream
of the sample records a diffraction pattern. (b) The sample is shifted (in this case, upwards)
and a second pattern is recorded. Note that regions of illumination must overlap with one
another to facilitate robust phase retrieval. (c) A whole ptychographic data set uses many
overlapping regions of illumination. (d) for each 2D illumination position (X, y), there is a
2D diffraction pattern (kx, ky) [14].

3.1 Introduction

The results presented in the previous chapter are based on scattering signals produced by millions of
NPs illuminated together by x-rays. These methods offer great value in extracting broad statistical
information about the properties of NP assemblies, but do not provide a direct view of the local
magnetic ordering. Ptychography provides a way to extract localized real-space images that we can

examine to probe local magnetic ordering.
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Figure 3.2 A synthetic example demonstrating the importance of Fourier phase in recon-
structing a signal from its Fourier transform (courtesy of [16,17]).

Ptychography is a computational imaging technique that reconstructs images of samples by
processing overlapping diffraction patterns collected as a coherent probe scans across an object
(as shown in Fig. 3.1). The overlap between adjacent illuminated regions provides redundant
information which is essential for a robust and unambiguous phase retrieval process. This process
computationally reconstructs both the amplitude and phase of the sample’s exit surface wave [15].
Fig. 3.2 illustrates how significant the phase is to a resultant image by taking the phase of one image
and swapping it with the phase of the other, we can see that almost all of the structural information
about an image is contained in the phase [16].

Although modern ptychography emerged in the 21st century, its conceptual roots trace back to the
1960s and 1970s in electron microscopy and crystal structure determination [18]. Iterative algorithms
for ptychography, such as the ePIE (extended Ptychographical Iterative Engine), significantly
accelerated practical reconstructions and enabled widespread adoption in diverse imaging contexts
[19,20]. It is fundamentally a lensless imaging method with a broad range of applications, especially

in X-ray science, electron microscopy, and optical microscopy [21].
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Figure 3.3 Mounting of two rare earth magnets (indicated by red arrows) on the tip of
the sample holder to provide an in situ magnetic field for XAS and XMCD analysis. Red
arrows indicate the magnets, blue the direction of incident x-rays, and black the direction
of the applied magnetic field.

Advances in ptychography methods have enabled resolution in the nanoscale, making probing
NP behavior more accessible [22,23]. By exploiting the dichroism present in magnetic NPs, we can
resolve the magnetic texture of NP assemblies and better characterize the local behavior of these
particles for their many uses and applications [24]. This work utilizes ptychography to provide a

real-space picture of the magnetic ordering in our NP samples.

3.2 Stage Preparation

The magnetite NPs we use in this study were synethized in an organic chemical solution at BYU
by Dr. Roger Harrison, and at the University of Barcelona by Dr. Arentxa Rodriquez, and Dr.
Adriana Figueroas according to the methods described in their respective papers [10,25]. In this
work we examine ptychographic reconstructions of three samples with average particle sizes of

approximately 18 nm, 45nm, and 68 nm diameters. The NPs were deposited on TEM membranes
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Figure 3.4 TEM images (collected at BYU) and x-ray ptychographic reconstructions
(obtained at COSMIC, ALS with 708 eV x-rays) of same regions of Fe304 nanoparticle
samples. (a) TEM image of a North America shaped vast monolayer region made of 18 nm
closed packed NPs (b-c) ptychographic reconstructions of various sub-regions: (b) Hawaii,
(c) Texas, (d) Quebec; (¢) TEM image of an island made of 45 nm NPs; (f) ptychographic
reconstruction of the exact same region.

via a drop casting method with care to ensure the membranes were not overly saturated with NPs
and enabled to form islands of mono-layer regions.

In order to tune the illuminating x-rays to the proper resonant energy, we first carried out XAS
spectroscpy measurements to show XMCD in order to identify the relevant absorption edges. These
measurements require a way to expose the sample to an in situ magnetic field. We accomplished
this by mounting two small toroidal shaped rare earth magnets on either side of the sample wafer to
provide an out-of-plane magnetic field of about 500 Oe in magnitude. The mounting structure is

shown in Fig. 3.3
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3.3 X-ray Energy Tuning

To optimize the magneto-optical contrast in the scattering signal, the energy of the illuminating
radiation needs to be tuned to a resonance edge. This study uses the L3 edge of iron where the
greatest spin-orbit couplings occur in the Fe atoms. For magnetite FezO4, the XMCD signal is
expected to exhibit three sub-peaks corresponding to the octahedral and tetrahedral sites for the Fe
ions in the crystal structure and these three peaks have alternating signs in the XMCD signal. We
expect the magnetic scattering signals to alternate in sign as well when the energy is tuned to these
three peaks. If the sign of the signal in the dichroic ptychography reconstruction does switch sign
when changing the energy, it proves the magnetic nature of the dichroic image. Fig. 3.5 shows the
reconstructed x-ray absorption spectra (XAS) based on integrating STXM images collected over
the energy range [690-730 eV] of the sampled magnetite NPs and the dichroism that arises from
the opposite polarities of the illuminating x-rays. We successfully observed the three peaks in the
XMCD spectrum and as we move in energy across the peaks, we observed a sign change at the

middle of the three peaks.

3.4 Ptychographic Reconstruction and Dichroism

The ptychographic reconstructions were performed at the ALS using an automatic differentiation
based algorithm [26] to retrieve the phase, specifically the CDtools python library documented
here [27]. This method reconstructs the the exit surface wave and is represented in computation as a
complex valued (a + bi) array. Using this resultant array we can calculate two quantities. First, the
optical density

OD = —In(A/Ay)

with A being the amplitude calculated

A=a*+b?



