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ABSTRACT: Advances in the synthesis and characterization of QA"

colloidal magnetic nanoparticles (NPs) have yielded great gains in the Ni nanoparticlesv -0.10-0.05 0.00 0.05 0.10
understanding of their complex magnetic behavior, with implications for .'.. F ; "‘ 2
numerous applications. Recent work using Ni NPs as a model soft '® ‘.‘\ .?.... 20
ferromagnetic system, for example, achieved quantitative understanding W 'Y ... y " 15 B
of the superparamagnetic blocking temperature—particle diameter 0 .. o’e * o 2
relationship. This hinged, however, on the critical assumption of a '. . P ."“ 1 ; 3.
ferromagnetic NP volume lower than the chemical volume due to a non- .. '.‘ )l

ferromagnetic dead shell indirectly deduced from magnetometry. Here, | ‘.. 50 '.:,,:
we determine both the chemical and magnetic average internal structures o

of Ni NP ensembles via unpolarized, half-polarized, and fully polarized small-angle neutron scattering (SANS) measurements and
analyses coupled with X-ray diffraction and magnetometry. The postulated nanometric magnetic dead shell is not only detected but
conclusively identified as a non-ferromagnetic Ni phosphide derived from the trioctylphosphine commonly used in hot-injection
colloidal NP syntheses. The phosphide shell thickness is tunable via synthesis temperature, falling to as little as 0.5 nm at 170 °C.
Temperature- and magnetic field-dependent polarized SANS measurements additionally reveal essentially bulk-like ferromagnetism
in the Ni core and negligible interparticle magnetic interactions, quantitatively supporting prior modeling of superparamagnetism.
These findings advance the understanding of synthesis—structure—property relationships in metallic magnetic NPs, point to a simple
potential route to ligand-free stabilization, and highlight the power of the currently available suite of polarized SANS measurement
and analysis capabilities for magnetic NP science and technology.

KEYWORDS: magnetic nanoparticles, dead shell effects, colloidal synthesis, small-angle neutron scattering, polarized neutron scattering

B INTRODUCTION Regarding materials systems in magnetic NPs, the above
biomedical applications have driven much interest in
ferrimagnetic Fe;0, and related oxides,®'>'*'®*072%2% which
has gradually expanded into complex oxides of interest for
basic research.’”~*” On the other hand, potential magnetic
recording applications, for example, have driven interest in
hard (ie., high magnetocrystalline anisotropy) ferromagnetic
(FM) systems, often metals and alloys such as Co, Co-Pt, Fe-
Pt, etc.”*”**~* Due to this particular emphasis on oxides and
hard FM metals and alloys, soft (i.e, low magnetocrystalline
anisotropy) FM metals and alloys (e.g., Ni, Ni-Fe) have been
relatively underexplored in NP form. This is despite their
relevance in applications such as electromagnetic interference

Chemical synthesis of colloidal magnetic nanoparticles (NPs)
has advanced to the stage where NP size, dispersity, structure,
ligand chemistry, and functionalization can be precisely
controlled, enabling detailed, quantitative studies of their rich
magnetic behavior.' ® The latter encompasses single-domain
to multi-domain crossovers, superparamagnetic (SP) behavior,
complex spin textures such as canted states, magnetic dead
shells, surface effects such as enhanced magnetic anisotropy,
and heterostructure effects in core/shell systems.7_19 These
phenomena have drawn substantial interest from magnetism
and magnetic materials communities, exploring both funda-
mental magnetism and synthesis—structure—property relation-

ships.”~"® Simultaneously, important biomedical applications

of magnetic NPs have emerged or are under development, Received: March 29, 2022
including magnetic-NP-based hyperthermia cancer treatment, Accepted:  July S, 2022
contrast enhancement in biomedical imaging, warming of Published: July 17, 2022
cryopreserved tissue, etc.”’">* The potential applicability of

magnetic NPs to other technologies, such as magnetic

. . 6,16—19,23,25-27
recording, has also been discussed. 423,23
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shielding and wireless charging/heating technologies.*> Our
recent prior work thus focused on elemental Ni NPs as a
model soft FM system, in particular using thoroughly
characterized NP ensembles to demonstrate quantitative
understanding of the SP behavior that dominates their
magnetism.44

Briefly, superparamagnetism in FM NPs arises due to
competition between magnetic anisotropy (which acts to lock
the magnetization vector in specific orientations) with
thermally induced fluctuations of the magnetization vec-
tor."“*>~* In the Néel—-Brown—Arrhenius picture, as temper-
ature (T) increases, the characteristic timescale of the
fluctuations (7) decreases exponentially, controlled by K.V/
kgT, where K is the effective magnetic anisotropy constant, V
is the NP volume, and ky is Boltzmann’s constant.***”**°° On
a specific measurement time scale 7,,,, above some T, referred
to as the SP blocking temperature (T}), the magnetization
vector thus begins to fluctuate within the measurement
window, time averaging the magnetization to zero (in zero

applied magnetic field, H).'%***7>! I the simplest model, T}
is given by
KeffV
T=—"~
kBln(T—o) (1)

where 7, is an inverse attempt frequency of ~107'° to 107°
5.7* At T < Ty, the system is referred to as “blocked” and is
essentially FM, whereas at T > Tp, the system is referred to as
“unblocked” or SP. In principle, super-paramagnetism is thus a
relatively simple <t;henomenon, accessible to quantitative
understanding.sz_ In practice, however, real FM NP
ensembles possess myriad complicating factors.”’ " These
include the inevitable distributions around the average
diameter <D> (which trivially result in distributions in V and
Tg), the subsequent challenge of accurately determining the
average blocking temperature <Ty>, the substantial complexity
in K. (which can include defect and surface contributions in
addition to the magnetocrystalline anisotropy of the
ferromagnet), possible interparticle interactions, surface dead
shell effects that reduce the effective magnetic volume below
the chemical volume V, and many others.””

Given the above, our recent demonstration of quantitative,
parameter-free agreement with eq 1 is significant.”* This was
achieved in thoroughly characterized Ni NP ensembles
synthesized via hot injection of a Ni acetate-oleylamine
(OAm) complex into trioctylphosphine (TOP), using the
TOP/OAm ratio, synthesis temperature (T), reaction time,
and post-synthesis centrifugation conditions as control
parameters. This resulted in Ni NP ensembles with 4.7 nm
< <D> £ 22.3 nm, and average relative dispersity o/<D> =
0.2, reaching ~0.1 under the best conditions.** The NPs were
found to be composed of face-centered-cubic (FCC) Ni with
bulk-like lattice parameters and twinned and/or polycrystalline
character,™* with both OAm and TOP serving as ligands on the
NP surfaces."* Most significantly, extensive measurement and
careful analysis of the T-dependent magnetization (M) after
field-cooling (FC) and zero-field-cooling (ZFC) were used to
determine not only <Tp> but also the associated distribution
f(TB).44 Such analysis is predicated on negligible interparticle
interactions,””*”°"* as  supported by estimation of the
interparticle interaction energies relative to K.V, and by
measurement of dilute NP dispersions.** The experimental
<Tg> vs <D> relationship from measurements of many NP

ensembles was then shown to be in quantitative, parameter-
free agreement with eq 1 but only after accounting for (i)
random shape anisotropy originating from the deviations from
the spherical and (ii) an effective magnetic volume less than
the nominal V due to a non-FM surface “dead” shell as
deduced from suppressed <D>-dependent high-field magnet-
ization."" This agreement was achieved with otherwise bulk-
like Ni core properties, including saturation magnetization
(M,) and magnetocrystalline anisotropy.**

While the above constitutes a significant advance, the
quantitative agreement hinged on the assumption of an ~1 nm
thick non-FM surface dead shell on the Ni NPs, as deduced
indirectly from <D> -dependent, low-T M(H) data.* The true
nature and origin of this dead shell and the resulting chemical
and magnetic profiles within the Ni NPs remain unknown,
which is the central issue we address here. Specifically, in this
work, we employ both unpolarized and polarized small-angle
neutron scattering (SANS) measurements and analyses to
achieve sub-nanometer-resolution profiling of the chemical and
magnetic average internal structures of these Ni NPs, resolving
both the nature and origin of the non-FM dead shell.

After discussing experimental methods in the “Experimental
Methods” section, the “Results and Discussion” section first
reviews the <D>-dependent, low-T M(H) data that lead to the
deduction of a nanometric non-FM dead shell on the surfaces
of these Ni NPs. In our prior work, all such data were acquired
at a single T, = 200 °C."* We then present T,-dependent X-ray
diffraction (XRD), transmission electron microscopy (TEM),
and magnetometry data, revealing an unanticipated finding.
Specifically, while all syntheses at T; < 200 °C result in similar
XRD, TEM, and magnetometry, increasing T to just 250 °C
completely extinguishes any signature of ferromagnetic FCC
Nij, instead resulting in the non-FM nickel phosphide Ni,Ps.
The TOP used in this synthesis, and indeed many such
colloidal NP syntheses, is the obvious source of the P required
to form this phosphide, likely via diffusion-limited reactions
promoted at higher T,. Given this Ni ,P; formation at high T,
and the deduction of a non-FM shell at lower T, we thus form
the hypothesis of a phosphide shell at all T, falling beneath the
detection limits of standard XRD and TEM at low T,. SANS
techniques with varying levels of neutron spin polarization
analysis are then applied to test this hypothesis directly.
Unpolarized SANS data, which are dominated by structural
rather than magnetic scattering, first reveal a chemically
distinct nanometric shell on the Ni NPs with T-dependent
shell thicknesses (as small as ~0.5 nm) in remarkable
agreement with estimates of the non-FM shell thickness from
magnetometry. This shell is further shown to have a nuclear
scattering length density (SLD) consistent with Ni;,Ps. Fully
polarized SANS, where the neutron spin is selected and
analyzed both before and after scattering to enable isolation of
purely magnetic scattering contributions, is then shown to be
entirely consistent with the T -dependent core-shell model
from unpolarized SANS with an FM Ni core with M, very close
to bulk Ni and negligible interparticle magnetic interactions.
Finally, detailed T-dependent half-polarized SANS measure-
ments, where the neutron spin is selected only prior to
scattering, establish quantitative agreement between the
extracted magnetic SLD and M(T) from magnetometry. An
FM Ni core surrounded by a non-FM Ni,Ps shell is thus
directly established, the core Ni having bulk-like M; and T
dependence, with negligible interparticle magnetic interactions.
These findings: (i) directly support prior assumptions used to
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Figure 1. Synthesis scheme for Ni NPs: 1. Synthesis of a Ni-acetate-oleylamine (OAm) complex; 2. Hot injection into trioctylphosphine (TOP); 3.
Reduction to Ni NPs coordinated by TOP and OAm ligands (thus forming trioctylphosphine oxide (TOPO)). Key variables in the synthesis are
the TOP:OAm ratio, synthesis temperature (170 °C < T, < 250 °C), reaction time, and post-synthesis differential centrifugation conditions. The
lower-right schematic illustrates resulting ferromagnetic Ni NPs, with dead-shell thickness t*, and TOP and OAm ligands.

claim quantitative agreement with SP theory,** (i) compre-
hensively elucidate the synthesis—structure—property relation-
ships in these model Ni NP ensembles, (iii) are directly
relevant to other colloidal synthesis involving TOP (and
potentially other reducing agents), (iv) point to a potential
route to facile ligand-free NP stabilization, and (v) further
highlight the power of unpolarized/polarized SANS in
magnetic NP science and technology.

B EXPERIMENTAL METHODS

NP Synthesis. Ni NPs were synthesized via hot-injection methods
as described in detail in prior work.** Briefly, the synthesis proceeds in
three main steps as in Figure 1. Step 1 involves the formation of a Ni
acetate—OAm complex by adding Ni acetonate tetrahydrate to OAm
and then heating to 80 °C. In step 2, the Ni acetate—OAm solution
(at 80 °C) is injected into hot TOP at T, between 170 and 250 °C.
The solution is then maintained at T, (step 3) for reaction times
between 30 min and 120 min, resulting in Ni NPs, dispersed in
trioctylphosphine oxide (TOPO), OAm, and TOP. This entire
process is performed under vacuum (~50 mTorr (6.66 Pa)). After
synthesis, NP dispersions were flocculated, separated by centrifuga-
tion, and subject to further differential centrifugation for size
selection.**

As reported in detail earlier,** Ni NPs synthesized by the above
procedures had 4.7 nm < <D> < 22.3 nm (from TEM), controlled
via the TOP/OAm ratio, T,, the reaction time, and post-synthesis
differential centrifugation. The average relative dispersity (6/<D>)
was 0.20 over all studied NP ensembles, the best conditions
producing 6/<D> = 0.1.** Briefly, our prior characterization revealed
FCC Ni with near-bulk lattice parameter and polycrystalline (or
twinned) internal microstructure.** Fourier transform infrared and
Raman spectroscopies conclusively confirmed that both OAm and
TOP serve as ligands, as shown in the schematic in Figure 1.4

Structural and Magnetic Characterization. In addition to the
characterization just described, further TEM, XRD, and magneto-
metry were performed in the current work. For XRD, thick Ni NP
films were drop-cast on Si/SiO, substrates from a concentrated
toluene dispersion. A Bruker D8-Discover diffractometer® with a Co
K, source and a 2D detector was then employed. For TEM, Ni NPs
were drop-cast on carbon grids from dilute dispersions under slow
evaporation, to promote monolayer formation. An FEI Tecnai T12
(120 kV)* was used for conventional bright-field imaging. Image
analysis involved >1000 NPs in each ensemble, resulting in robust
<D> and ¢ determinations. SQUID magnetometry was conducted in
a Quantum Design Magnetic Property Measurement System,®® from 2
to 300 K in poH up to 6 T, on dry NP assemblies prepared by
evaporation of dispersions in a gelatin capsule.

Small-Angle Neutron Scattering. SANS measurements on 50—
120 mg dry NP ensembles were performed on the NG7 SANS

33493

instrument at the NIST Center for Neutron Research. Unpolarized
SANS data were obtained at scattering wave vector magnitudes (Q) of
0.0012 to 0.16 A™! using two sample-detector distances (2 and 15 m).
Such measurements were performed at 300 K in yoH = 7 mT. As for
all data in this work, H was applied along the x axis, perpendicular to
the neutron beam (along z). Fully polarized SANS data (0.003 A™' <
Q < 0.12 A™") were collected on the same instrument, with a double-
V supermirror polarizer, an RF spin flipper, and a *He spin
analyzer.(’é_69 Such measurements were made at S K after: (i) field
cooling in ptoHpc = +1.5 T then reversing the field to H = —H_ (i.e,
the negative coercive field, where the net M is zero) and (ii) field
cooling in poHpc = +1.5 T and measuring in +1.5 T (i.e., close to
saturation). These unpolarized and fully polarized SANS data were
taken on NP ensembles synthesized at T, = 170, 200, and 250 °C. For
the T, = 170 °C case, additional half-polarized SANS data (0.013 A~
< Q £0.14 A™") were also acquired by removing the *He analyzer,
i.e., polarizing the incominéc?' beam but with no polarization analysis of
the scattered neutrons.*”®” Such measurements were performed after
field-cooling in +1.5 T, reducing poH to +7 mT, and then
progressively warming and equilibrating in 25—30 K steps from $
to 300 K. The specific procedures to reduce full two-dimensional
(2D) Q,—Q, “maps” to one-dimensional (1D) scattering cross section
(d2/d€2) vs Q profiles are different in each case (unpolarized, half-
polarized, and fully polarized) and are discussed in detail below. A full
description of data reduction procedures can be found elsewhere.®®”
Briefly, we used SANS polarization reduction software’® and/or Igor
Pro software®”" with unpolarized and polarized SANS macros to
correct for any polarization inefficiency and/or *He transmission time
dependence and to reduce raw neutron detector data to 2D Q,—Q,
maps as well as 1D (dZ/dQ) vs Q profiles. Simulation and refinement
(also discussed in detail below) were done with the SasView package,
with the Q resolution function of the instrument accounted for via
SasView’s pinhole smearing algorithm.”>

B RESULTS AND DISCUSSION

Basic Magnetometry Characterization. Reviewed first
in Figure 2 are the <D>-dependent magnetometry data on T =
200 °C Ni NP ensembles that initially led to the hypothesis of
a nanometric non-FM surface shell.** As can be seen in Figure
2a, at this T, the M(H) at 2 K (which is below the <T}> of all
NP ensembles in this work) reveals the expected finite H, and
remanence (see ref 44 for a low H blow-up) but with two
anomalous features. Specifically, M(H) contains a clear non-
saturating component, while the high-H magnetization also lies
significantly beneath the T — 0 M, of bulk Ni (58 emu/g (1
emu = 107> Am?)***"7®). Note that as described earlier,"* a
ligand mass correction was estimated and applied to these data
(this is the origin of the magnetization error bars in Figure 2b),
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Figure 2. (a) Magnetization (M) vs applied magnetic field (y,H) at
measurement temperature (T) of 2 K for dry Ni NP ensembles
synthesized at temperature T, = 200 °C. The average diameters
(<D>) range from 4.7 to 22.3 nm (from transmission electron
microscopy (TEM)), as shown. (b) 2 K high-field (u,H = 6.0 T) M vs
<D> (black points) extracted from (a). The solid black line is a fit to
the core/shell model described in the text (see schematic in Figure 1),
ie, Ni cores with bulk saturation magnetization (M) surrounded by
an M = 0 shell of thickness t* = 1.2 nm. The solid horizontal line
marks the T = 0 M of bulk Ni. Error bars correspond to the standard
error on <D> from fits to the size distribution and the standard error
on M from the Ni NP mass (including the correction for ligand mass,
which is discussed in detail in our prior work*"). Adapted with
permission from ref 44. Copyright 2020 American Chemical Society.
Note that 1 emu = 10~ Am?

but this is far too small to explain the suppression in M,. The
M suppression is highlighted in Figure 2b, which plots the
high uoH (6 T) 2 K magnetization vs <D>, for comparison
with the bulk Ni M, (horizontal dashed line). Significantly,
both the non-saturation in M(H) (Figure 2a) and the
suppression of the high H magnetization (Figure 2b) become
more prominent as <D> is decreased, consistent with a surface
effect. The solid line in Figure 2b is in fact a fit to a simple
model where an FM Ni core with bulk M is surrounded by a
non-FM (M = 0) shell of thickness t* (see the NP schematic in
Figure 1), leading to high-field magnetization given by My =
My (<D> — 2t%)/<D>], where M, is the bulk
saturation magnetization.** As noted in our prior work,** the
fit is reasonable, yielding t* = 1.2 nm, i.e,, an ~1 nm thick non-
FM shell. It must be emphasized, however, that the M(<D>)
data in Figure 2b could also be interpreted as evidencing a
suppressed high-<D> M, of ~35—40 emu/g. Moreover, as is
clear from the magnetic NP literature, numerous other
scenarios can result in reduced high-field magnetization in
ferro- and ferrimagnetic NPs, including noncollinear/canted
spin structures,9’14’52’67’69‘74 local antiferromagnetic regions,61
etc."®* Thus, while the assumption of a non-FM shell of 1.2
nm thickness (and a resulting FM volume less than the
chemical volume) does result in quantitative agreement with
eq 1 for the <Ty> vs <D> relation,™ this deduction is
nevertheless indirect and casts little light on the nature and
origin of the dead shell.

T,-Dependent Characterization. The first insight into
the nature and origin of the hypothesized non-FM dead shell
on these Ni NPs comes from Figure 3, which presents XRD,
TEM, and low-T (2 K) M(H) data as a function of the
synthesis temperature T,. As illustrated in Figure 3a)b,
synthesis at T, < 200 °C results in simple XRD patterns
consistent with FCC Ni, with near-bulk lattice parameters
(3.526 and 3.529 A in Figure 3a,b, respectively, compared to
3.524 A in bulk”®). Consistent with this, standard-resolution
bright-field TEM imaging (Figure 3d,e) indicates Ni NPs with
structural parameters consistent with our prior work,** yielding
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FCC Ni
1 , :
—~ 10k(b) T, =200 °C
2 ° FCCNi
c
S5
£ 1
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Figure 3. X-ray diffraction patterns from NP ensembles synthesized at temperatures (T;) of (a) 170 °C, (b) 200 °C, and (c) 250 °C (solid blue,
green, and black lines, respectively). <D> = 8.3, 8.5, and 152 nm in (a), (b), and (c), respectively (from transmission electron microscopy
(TEM)). The patterns in (a) and (b) index to face-centered-cubic (FCC) Ni, while (c) indexes to tetragonal Ni;,Ps (see the red lines for standard
patterns’"). The unindexed peak marked with asterisks in (c) derives from Si powder used as a reference. (d—f) Conventional bright-field TEM
images of NP ensembles synthesized at T, = 170, 200, and 250 °C; scale bars are shown. (g) Magnetization (M) vs applied magnetic field (u,H) at
measurement temperature (T) of 2 K for the three NP ensembles in (a—f), i.e., at T, = 170, 200, and 250 °C. Note that 1 emu = 107> Am?.

https://doi.org/10.1021/acsami.2c05558
ACS Appl. Mater. Interfaces 2022, 14, 33491—33504


https://pubs.acs.org/doi/10.1021/acsami.2c05558?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05558?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05558?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05558?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05558?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05558?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05558?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05558?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces www.acsami.org Research Atrticle

2D neutron

(a) detector

Scattered
neutron beam

Sample

N
G'uided, monochromated
neutron beam

Q, (A" z
010 -0.05 000 005 0.10 108 , .
(b) (C) Unpolarized SANS, 300 K
0.10 [* e T,=250°C}
4 108} e T =200 OC'I
0.05 a = o T,=170°C] T¢=250°C
s 5 I —Fits]
"’i(, 0.00 2 c 10* r 1 O
3 2> 2 Te =200 °C
g _Vé] 1 1 s=
0.05 =
] 102 % 1
Polarized SANS: NSF =170°
0.10 p Polarized SANS { 1.=170°C
0 180 2 .
.001 0.01 0.1

QA"

Figure 4. (a) Basic schematic for unpolarized SANS. (b) Example two-dimensional “map” of the unpolarized SANS cross section (dX/dQ) vs Q,,
Q,, i, two orthogonal scattering wave vector components in the detector plane. The data shown were collected at measurement temperature T =
300 K in applied magnetic field yoH = 7.0 mT, on a Ni NP ensemble synthesized at temperature T, = 200 °C, with average diameter <D> = 11.5
nm (from transmission electron microscopy (TEM)). (As for all data in this paper, H was applied along x, perpendicular to the neutron beam,
which is parallel to z). Circular averaging of the type of isotropic data in (b) results in the (dX/dQ) vs Q in (c), where Q is the wave vector
magnitude. Blue, green, and black circles correspond to T = 170, 200, and 250 °C, respectively, with <D > = 8.3, 11.5, and 15.2 nm (from TEM).
The green and black curves have been displaced for clarity, i.e., multiplied by the shown factors of 10 and 100, respectively. Error bars correspond to
one standard deviation and are typically smaller than the data points. Solid red lines are fits to the core—shell model discussed in the text. All fitting
parameters are listed in Table 1. The extracted shell thickness (¢*) and total <D> are: #* = 0.5 nm, <D> = 8.5 nm at 170 °C; * = 1.1 nm, <D> =
11.6 nm at 200 °C; and t* = 5.3 nm, <D> = 15.5 nm at 250 °C. The core and shell at 170 and 200 °C were fitted with the nuclear scattering length
densities of Ni and Ni,Pg, respectively; at 250 °C, the core was fitted with zero nuclear scattering length density, i.e., a hollow sphere. Note that the
fits include a Q" (generalized Porod) component clearly apparent at the lowest Q, which we ascribe to Porod scattering from naturally formed
agglomerated long-range NP networks and/or excess ligands; the fitted n are listed in Table 1. As discussed in the text, the fits include both the Q
resolution function of the instrument and particle size dispersity. The schematics to the right of (c) summarize the key fitting results, black
corresponding to Ni, gray to Ni;,Ps, and white to vacaum. Also shown in (c) (larger open diamonds) are the full-polarization total non-spin—flip
(NSF) SANS cross sections at S K measured at H = —H,, i.e., the negative coercive field (zero net magnetization) after field cooling in +1.5 T (see
Figure 5).

<D> = 8.3 and 8.5 nm and ¢/<D> = 0.15 and 0.13 for T, = 170 netism is quenched in Ni-P systems with P concentration
and 200 °C, respectively. Consistent with these XRD and TEM above ~15 at %.”®

data, the corresponding 2 K M(H) curves (T, = 170 and 200 The only obvious source of the P required to form the
°C in Figure 3g) are in good agreement with Figure 2, deduced Ni,Ps phase at T, = 250 °C is the TOP used in this
indicating blocked FM behavior (see ref 44 for full T- and many other colloidal NP syntheses. Scattered reports of
dependent characterization, including the determination of Ty phosphide formation in TOP-based Ni NP syntheses in fact
and its distribution) with suppressed high-H magnetization of exist, dating back at least as far as 2009.””*" Wang et al,, for
~35 emu/g. As shown in Figure 3¢/f, this situation changes example, reported a crossover from Ni to Ni-P NPs with
dramatically when T is increased by just S0 °C, to 250 °C. At increasing T in TOP-based synthesis, including observation of
this T, the XRD signature of FCC Ni is entirely extinguished Ni,,Ps.”” Moreau et al. then found increasing P incorporation
and replaced with a distinctly more complex pattern. in Ni NPs at higher T, primarily via X-ray near-edge and
Comparison to potential phases leads to the conclusion that extended absorption fine structure spectroscopies.”’ Such
such patterns are closely consistent with the tetragonal Ni effects were subsequently exploited for deliberate synthesis of
phosphide a-Ni,P; (compare the data and reference pattern Ni-P and Co-Ni-P phases using high-T, TOP-based
in Figure 3c), an equilibrium line compound in the Ni-P phase methods.*”*> The general picture that emerges is that in
diagram (see Supporting Information Figure S1). Correspond- these synthesis routes, P from TOP can incorporate in Ni NPs,
ing TEM images at T, = 250 °C (Figure 3f) reveal a similarly the extent of the P incorporation and the diffusion-limited
striking change: A noticeable core—shell morphology emerges, reaction to phosphides being highly sensitive to T,.”~*' Of
potentially even suggesting a hollow core surrounded by a solid particular relevance to the current work, Wang et al. also

shell, as returned to below. Equally remarkable are the 2 K reported hollow-core Ni-P NPs at high T, (as hinted at by
M(H) data for such T, = 250 °C NPs (Figure 3g), which Figure 3f), explained in terms of a Kirkendall effect due to

evidence no FM component at all, exhibiting only weak inequivalent rates of in-diffusion of P and out-diffusion of Ni.”’
curvature and no measurable H. or remanence. This is The prevalence of the specific Ni phosphide Ni,Ps also seems
consistent with the reported magnetic properties of the Ni,P reasonable as this has been reported to lie close to the
phase concluded from Figure 3¢, which is thought to be minimum in the “convex hull” of the Ni-P formation enthalpy
paramagnetic, at least down to S K.%77 Generally, ferromag- vs P content curve.®*
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Table 1. Unpolarized SANS Fitting Parameters (from Figure 4c)“

T, (°C) <D> (nm) t* (nm) S n I, (cm™ A™) o/<D>
170 8.50.08(8.3) 0.5:£0.02(0.6) 0.3040.003  0.43:£0.001 3040016 46X 1075 + 1.4 x 10°  0.380.004(0.15)
200 11.6+0.05(11.5) 1.10.02(1.2) 0.1520.001 0.5140.001 3.4+0.02 27% 10+ 1.1 x 10°  0.36+0.002(0.1)
250 15.510.02(15.2) 5.310.01(0.0) 0.30+0.001 0.49+0.001 2.0+0.01 0.0344-0.0002 0.48+0.002(0.28)

“Shown in the table are the NP synthesis temperature (T,), total diameter (<D>), shell thickness (#*), scale factor (S), particle volume fraction (f),
power-law (generalized Porod) exponent (), power-law (generalized Porod) intensity or scale factor (Ip), and log-normal dispersity (¢/<D>)
(note that the dispersity was applied only to the Ni core in the SasView fit). For t*, the values in brackets are estimates from magnetometry for
comparison. For <D> and 6/<D>, the values in brackets are from TEM, for comparison. For n and Iy, the defining equation is I = I/Q". Strictly, an
additional fit parameter, <D¢>, the approximate particle-to-particle spacing was also used in the hard-sphere structure factor. This is trivially related
to <D> and the ligand thickness, however, and <D.g> was indeed found to be 1.1 nm to 1.6 nm larger than <D > in all cases, quite close to the
expected ligand length.** The parameter uncertainties shown were estimated from fitting and are dependent on the algorithm used (this was
typically Levenberg—Marquardt, differential evolution, or Nelder—Mead simplex). Most algorithms use the covariance matrix at the optimum to

: S92
estimate an uncertainty.

In light of the above literature and our observation of Nij,P;
NPs at T, = 250 °C, a logical hypothesis based on Figures 2
and 3 is that P incorporation and shell formation also occur at
T, of 170 and 200 °C, simply to a much lesser extent,
rendering them undetectable in basic XRD and TEM
characterization. Specifically, a 1.2 nm thick non-FM Ni-P
(likely Ni;,Ps) shell on Ni NPs synthesized at T, = 200 °C
would explain our magnetometry observations and could be
difficult to detect in standard XRD and TEM. Further
supporting this hypothesis, analysis of magnetometry data on
T, = 170 °C NPs using the aforementioned FM-core/non-FM-
shell model yields t* = 0.6 nm, reduced from 1.2 nm at T, =
200 °C, consistent with the concept of diffusion-limited
reaction to form a non-FM Ni-P shell. It must be noted,
however, that while such observations are consistent with a Ni-
P shell, direct verification is lacking.

Unpolarized SANS. Seeking a direct and quantitative test
of the Ni-P shell hypothesis, a series of SANS measurements
were performed on these NPs. SANS is ideally suited to this
task as it is an ensemble-averaged technique that can provide
detailed average chemical and magnetic internal structural
information on NP ensembles, with sub-nm spatial reso-
lution.**~*” To first probe the chemical structure primarily,
unpolarized SANS data were acquired at 300 K using a set-up
schematically depicted in Figure 4a. This was done on NP
ensembles synthesized at T, = 170, 200, and 250 °C, with
respective <D> = 8.3, 11.5, and 15.2 nm and 6/<D > = 0.15,
0.10, and 0.28; all these values are from TEM. In the 170 and
250 °C cases, these are from the same sample batches as in
Figure 3; in the 200 °C case, SANS was performed on a sample
with (slightly) larger <D>. Shown first in Figure 4b is a
representative 2D Q,—Q, intensity map from the T, = 200 °C
sample. Such maps reveal highly isotropic scattering in the Q,—
Q, plane (as might be expected for random ensembles of
nominally spherical NPs), and so reduction to 1D dX/dQ vs Q
profiles was done via circular averaging; d/dQ here is the
absolute SANS cross section. This results in the data shown in
Figure 4c, where dZ/dQ is plotted vs Q (on a log,—log,
scale) for NP ensembles synthesized at 170, 200, and 250 °C
(note that these curves are offset for clarity as described in the
caption).

The data in Figure 4c reveal a gradual fall off in dX/d€2 with
Q, in addition to clear peaks and smaller shoulders around
~0.05 A7'. That these peaks reflect the chemical structure of
the NPs is confirmed by the solid red lines, which are
SasView’” modeling results that closely reproduce the data.
These fits correspond to locally close-packed NP ensembles
modeled with a hard-sphere structure factor multiplied by a

core—shell NP form factor, the former generating the primary
diffraction peak while the latter impacts the fine structure of
the peak and shoulder. Explicitly, this modeling was achieved
in SasView via the “add/multiply models” feature, combining a
hard-sphere structure factor multiplied by a core-shell NP form
factor (with NP diameter dispersity) and added to a
generalized Porod component (Q", with n a constant
exponent), the latter capturing scattering from agglomerated
NPs and/or excess ligand, which is readily apparent at the
lowest Q in Figure 4c. Significantly, such data cannot be fitted
with a spherical form factor with any reasonable <D> and o/
<D>, as documented in the Supporting Information (Figure
S2). Based on our hypothesis from Figures 2 and 3, to fit the T
= 170 °C and 200 °C data, the nuclear SLD of the NP core
was fixed at that of pure Ni (9.4 X 107 A™?) and the chemical
SLD of the NP shell was fixed at that of Nij,Ps (7.4 X 107°
A™?). This leaves as primary fitting parameters the scale factor
for the overall NP ensembles (S), the NP volume fraction (),
the total diameter (<D>), the shell thickness (#*), and the
dispersity associated with the (log-normal) distribution of the
diameter (6/<D>). These parameters are tabulated in Table 1.
The extracted <D> of 8.5 and 11.6 nm at T, = 170 and 200 °C,
respectively, are in excellent agreement with the 8.3 and 11.5
nm from TEM (also shown in Table 1). However, more
importantly, the fitted t* values for T, = 170 and 200 °C NP
ensembles are 0.5 and 1.1 nm, respectively, in remarkable
agreement with the 0.6 and 1.2 nm estimated from
magnetometry (Table 1). These unpolarized SANS data thus
provide strong evidence not only of a chemically distinct shell
with thickness in very close agreement with magnetometry
estimates but also that this shell has nuclear SLD close to that
of Ni;,Ps. The SANS sensitivity to the P content of the Ni-P
shell is in fact good due to the quite different nuclear SLDs of
Ni and P (9.4 X 107 and 2.7 X 107 A% respectively), as
detailed in the Supporting Information (Figure S1). The only
non-ideality with the fits to the T, = 170 and 200 °C data in
Figure 4c is that 6/<D> values enlarged by a factor of ~2—3
relative to TEM were found (Table 1). These enlarged o/<D>
values were required to fit the intermediate Q region between
~0.004 and ~0.03 A™', not only highlighting the much larger
ensemble average for SANS compared to TEM but also likely
pointing to some variance in the size of the locally close-
packed clusters in these Ni NP ensembles, which we crudely
account for here through increased ¢/<D>.

As is clear from close inspection of dX/d€ vs Q in Figure 4c,
the situation at T, = 250 °C is slightly different, specifically
with respect to the positions, spacing, and intensities of the
peak and shoulder. The same core—shell model can never-
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Figure 5. (a) Basic schematic for full-polarization SANS. (b—e) Two-dimensional “maps” of the SANS cross sections vs Q,,
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scattering wave vector components in the detector plane. The up—up (UU), down—down (DD), up—down (UD), and down—up (DU) cross
sections are shown in (b), (c), (d), and (e), respectively. Data were taken on the Ni NP ensemble synthesized at temperature T, = 200 °C at a
measurement temperature T = 5 K after field-cooling in ptoHgc = +1.5 T and reversing the applied field to H = —H,, i.e., the negative coercive field
(zero net magnetization). (As for all data in this paper, H was applied along x perpendicular to the neutron beam, which is parallel to z). (f) and (g)
show the resulting total non-spin-flip (NSF) cross section (UU + DD) and total spin-flip (SF) cross section (UD + DU). Circular averaging of (f)
produces the type of data shown as open diamonds in Figure 4c. Averaging the data in (g) within the illustrated +15° sector produces the green

dZyvin
dQ

scattering wave vector magnitude Q in (h), for NP ensembles at T, = 170, 200, and 250 °C (blue, green, and black, respectively). Error bars
correspond to one standard deviation. Solid red lines are fits to the core—shell model discussed in the text with parameters in Table 1 (structural)
and Table 2 (magnetic). All parameters were fixed at the values shown in Table 1 (from Figure 4c (unpolarized SANS)), except the core magnetic
scattering length density (SLD), the particle volume fraction, and the polydispersity. The latter two parameters are discussed in the text. As also
noted in the text, the scale factors used for the fits in (h) were fixed at two-thirds of those in Table 1 to obtain a magnetic SLD that properly
accounts for all three magnetization components (in the x-, y-, and z-directions). As discussed in the text, the fits include both the Q resolution

points in (h), i.e, a purely magnetic cross section sensitive only to magnetization (M) perpendicular to H. We denote this ( ), plotting it vs

function of the instrument and particle size dispersity.

theless describe these data but with very different nuclear SLD
of the core, which in fact refined to zero, i.e., a vacaum core
with a (hollow) Ni,P; shell. While at first sight surprising, this
is consistent with the suspicion from TEM (Figure 3f) and
prior literature reports of hollow-shell Ni-P NPs at high T,.””*
The fit in Figure 4c then yields * = 5.3 nm and < D> = 15.5
nm (Table 1), the latter value again being in very good
agreement with TEM (<D > = 15.2 nm). These unpolarized
SANS results thus support a progression from a pure Ni core
with a Ni;,Ps shell at low T, to a hollow core with a Ni;,P;
shell at high T, the shell thickness increasing from 0.5 to 1.1 to
5.3 nm from 170 to 200 to 250 °C. This situation is
summarized in the schematics to the right of Figure 4c, where
the core and shell are drawn to scale. These conclusions are in
good qualitative agreement with the notion of increasing extent
of diffusion-limited reaction with TOP to form Ni-P at high T..

Full-Polarization SANS Measurements. Notably, the
above-described fits in Figure 4c were obtained without
accounting for the magnetic SLD of the Ni core. This is

33497

because of the near-complete dominance of chemical scattering
over magnetic scattering in unpolarized SANS from these NP
ensembles as reinforced in Supporting Information Figure S3
and returned to below. Information on the magnetic structure
of these NPs is nevertheless accessible via polarized SANS.
Fully polarized SANS measurements were thus performed on
the same NP ensembles using a set-up schematically depicted
in Figure Sa. Briefly, control over the polarization of the
incoming beam was achieved with a double-V supermirror
polarizer in conjunction with an RF spin flipper, while
polarization analysis of the scattered beam was achieved with
a ’He analyzer.“_69 In this manner, UU, DD, UD, and DU
cross sections can be separately measured, i.e., “up-up”, “down-
down”, “up-down”, and “down-up” cross sections, where, e.g.,
“up-up” indicates “up” spin polarization of the incoming beam
and “up” spin selection of the scattered beam® ™ (with
respect to the neutron polarization axis, parallel to H at the
sample). References 66—69 provide full expressions for these
various cross sections in their most general form. Below, we
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provide the key expressions only for the specific analyses
performed in this work (eqs 2—S5) for simplicity.

Q,—Q, maps of the four polarized cross sections are shown
in Figure Sb—e for the representative T, = 200 °C case,
although T, = 170 °C and 250 °C ensembles were also
measured. These measurements were made at S K after field
cooling from 300 K in +1.5 T and then reversing the field to
—uoH. (i, —27.5 mT for the data shown in Figure Sb—g). As
returned below, this results in a situation where the net
magnetization along H (parallel to the x axis) is close to zero, a
situation that facilitates particularly insightful analysis.
Specifically, at this point, there could be large net magnet-
ization perpendicular to the field, large local dispersions in the
magnetization vector, or any situation between. The UU and
DD (ie, non-spin-flip (NSF)) Q,—Q, maps in Figure Sb,c
reveal strong, highly isotropic scattering due to the dominance
of chemical scattering contributions noted above. On the other
hand, the UD and DU (ie., spin-flip (SF)) cross sections
(Figure Sd,e), which are equivalent in this scattering geometry
in the absence of chiral spin structures, are purely magnetic in
origin. Specifically, only the component of magnetization
perpendicular to Q participates in magnetic scattering, such
neutron selection rules holding for both polarized and
unpolarized neutrons. For simplicity, we consider only sector
cuts along the x and y axes (corresponding to Q, and Qy) In
this case, any net magnetization component along the x axis
(parallel to H) would give rise to a difference between UU and
DD NSF cross sections in the sector cut along Q, as discussed
elsewhere in this paper (see eqs 4 and 5). The SF scattering
along Q, is then proportional to the square of the
magnetization component parallel to the z axis and
perpendicular to H, whereas the SF scattering along Q, is
proportional to the sum of the squares of the pel;pendicular
magnetization components along both y and z axes.”” The UD
and DU maps in Figure 5d,e thus reveal not only much weaker
scattering than the UU and DD (note the color scales) but also
prominent anisotropy in the Q,—Q, plane.®~* These maps
are in fact “lobed” along the Q, direction due to the neutron
selection rules described above, as expected when the
perpendicular components of the magnetization along y and
z axes are equal. With isotropic distributions of the
magnetizations along x, y, and z axes at H, one can write:*>%

( ) ( )J
( )J ( )

UD
) . .
Here, <L> , for example, is the UD cross section along the x

i/

direction, Py is the magnetic scattering length density
(proportional to the total magnetization), and the pre-factors
account for the fraction of magnetization that can be observed
due to neutron scattering selection rules; C is a parameter that
scales with the quantity of sample illuminated by the neutron
beam.”” Based on eq 2 for pyrowy in Figure S5d,e, the SF
scattering along Q, should be twice that along Q, (i.e., 3/1.5)
since the magnetization parallel to Q, is assumed to be equal to
that along and Q, at H. Reassuringly, the actual
experimental value of this factor is 2.17 at Q = 0.05 A™", for
example.

2 —
thotal =15C

3C

@)

Following one common aggroach to further analysis of such
fully polarized SANS data,”°~® Figure 5fg shows the total
NSF and SF cross sections obtained by summing the UU and
DD, and the UD and DU cross sections, respectively. Circular
averaging of the NSF data in Figure 5f generates the open
squares in Figure 4c, which almost exactly reproduce the
unpolarized cross sections, as expected. This confirms the near-
complete dominance of chemical contributions in the
unpolarized cross section, consistent with the aforementioned
lack of sensitivity to the magnetic SLD of the Ni core in these
ensembles. (Note, however, that small differences between UU
and DD cross sections can provide information about the
magnetization parallel to H, as discussed in the next section).

Of higher interest is the summed SF cross section in Figure
5g, which we further analyze by taking +15° sector cuts around
the Q, direction (as illustrated in the figure), thus generating
the 1D dXy, /dQ vs Q profiles shown in Figure Sh for T =
170, 200, and 250 °C ensembles. Here,

(dZ]UD N (dZ)DU

aQ ), aQ ), (3)
is the magnetic scattering cross section due to magnetization
components perpendicular to H (which is along the x axis) and
C is the previously defined constant. Considering the T, = 170
°C case first, dXy; ;/d€Q in Figure Sh is seen to be essentially
constant at low Q, rolling off in a fairly featureless fashion at
higher Q, strongly reminiscent of a simple single-magnetic-NP
form factor. Confirming this, the solid red line through the 170
°C data in Figure Sh is a SasView fit based on the previously
determined <D> and t* (from unpolarized SANS; Table 1),
ie., our Ni core/non-magnetic Ni),Ps shell model. Only the
magnetic SLD of the Ni core, the magnetic SLD of the shell
(which indeed consistently refined to zero), the NP volume
fraction (f), and the dispersity (6/<D>) were left as free
parameters. The f and 6/<D> parameters refined to 0.14 and
0.32, respectively. While 6/<D> is practically the same as from
fitting to unpolarized SANS data (Table 1), the f of 0.14 is
smaller, leading to the important conclusion that the magnetic
interparticle correlations are significantly weaker than the
structural interparticle correlations. More importantly, the
refined magnetic SLD of the Ni core is 1.31 X 1076 A2,
corresponding to 52 emu/g (1 emu = 107> Am?), i.e., within
~10% of the bulk low-T M, of Ni (Table 2).***”7* In essence,
this value sets the Q — 0 value of dXy; ;/d€, the roll-off at
higher Q being dictated by the FM Ni core form factor. Adding
significantly to the conclusions from unpolarized SANS, this
analysis thus confirms not only the core/shell structure but
also the non-magnetic nature of the shell, the near-bulk M of
the Ni core and the weak inter-particle magnetic correlations
(at H.), all of which were important in prior quantitative
modeling of the SP <T> vs <D> relation.”* As an aside, we
note also that the solid line model fit in Figure 2b and this
polarized SANS analysis result in near-identical M values,
further confirming the validity of the ligand mass estimates
used in our magnetometry analysis.

Moving to the T, = 200 °C case in Figure 5h, the behavior is
similar. The solid red line fit in this case is again to the core—
shell model with previously determined structural parameters,
the magnetic SLD of the Ni core this time refining to 1.47 X
107 A™2, corresponding to 58 emu/g (Table 2), ie., the exact
low-T M; of bulk Ni (f and 6/<D> refined to 0.08 and 0.36,
respectively).*®*””® This Ni core M, was additionally

dZy,/dQ = C
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Table 2. Magnetic Parameters Extracted from S K Polarized
SANS (from Figures Sh and 6d)“

M (emu/g)
ma%netic SLD M (emu/g) magélétig SLD from
(107° A7%) from from (107° A™*)from A%/
Bl . Bl Ty /H) _ aQ
i (= ) = (% ) ( w ) W= s
(°C) -H,) (H=-H) L5 T) T)
170 1.31 + 0.03 51.7 £ 1.0 1.27 £ 0.01 49.8 + 0.4
200 1.47 = 0.02 57.8 £ 0.7 1.40 = 0.01 552 + 04
250 0 0

“Shown in the table are: The NP synthesis temperature (T.), the
magnetic scattering length density (SLD) and magnetization (M)

from the fits to (%) at the coercive field (Figure Sh), and the

4Zyym

dQ
All values are for the Ni core. Data were not acquired in 1.5 T for the
NP ensemble synthesized at T, = 250 °C, hence the absence of table
entries in that case. Note that 1 emu = 10° Am” The parameter
uncertainties shown were estimated from fitting and are dependent on
the algorithm used (this was typically Levenberg—Marquardt,
differential evolution, or Nelder—Mead simplex). Most algorithms
use the covariance matrix at the optimum to estimate an
uncertainty.92

magnetic SLD and M from the fits to ( ) at 1.5 T (Figure 6d).

corroborated in this case via complementary analysis
(Supporting Information Figure S4) of the NSF cross section

(Figure Sf), yielding a comparable 55 emu/g and validating the
assumption of isotropically distributed magnetization orienta-
tions at H.. We note as an aside here that some minor structure
around ~0.07 A™" in Figure Sh is not completely captured by
this modeling, potentially pointing to some small level of
interparticle magnetic correlations in this case. The overall
situation then changes dramatically at T, = 250 °C, where the
dZy/d€ cross section in Figure Sh essentially vanishes.
(The small, essentially Q-independent background scattering
can arise from several factors, including imperfect polarization
correction, NSF contamination, incoherent scattering, etc.). A
perfectly reasonable fit is obtained with zero magnetic SLD
(M, = 0) in the core (Table 2), entirely consistent with the
above deduction of a hollow core/non-FM shell structure.””**
Notably, the very different situation at T, = 250 °C is only
subtly apparent in unpolarized SANS (Figure 4c) but
qualitatively obvious in polarized SANS (Figure Sh).
Complementary to the above, shown in Figure 6 are
equivalent data for the T, = 200 °C ensemble at the same
measurement temperature of 5 K but in a large field yH =
+1.5 T after field-cooling in the same. Panels (a) and (b) show
DD and UU Q,—Q, maps, respectively, in which the scattering
is clearly lobed (in orthogonal directions in (a) and (b)), an
indirect consequence of the large net magnetization along the
field direction (x). Specifically, magnetic scattering appears
only along the y-direction due to neutron selection rules but

Q, (A" Q (A"
-0.10-0.05 0.00 0.05 0.10 -0.10-0.05 0.00 0.05 0.10
50 0.10 e (0) .
402 T,=200°C 0.05 30 o
S — 5
02 T=5K < o000 202
20 3 = o 3,
L HH=15T 0.05 0=
10
-0.10
0 0
QA"
-0.10-0.05 0.00 0.05 0.10 102 -
(d) Fully-polarized SANS, 5 K
— ° o Tg=170°C
25 A 101
c 10°F o Ts=200°C]
g & —Fits
15 § %’ 10%F 1
10 g \i LA
5 < Lot :
Q107 poHe=15T 1
0 pH=15T
0.01 0.1
QA"

Figure 6. Full-polarization SANS data complementary to those in Figure Sb—h but acquired in large applied magnetic field (H), as opposed to the
coercive field. The data are for the Ni NP ensemble synthesized at T, = 200 °C, at a measurement temperature of 5 K in yH = +1.5 T after field-
cooling in yoHgc = +1.5 T. (a) and (b) are two-dimensional “maps” of the SANS cross sections vs Q,, Q,, i-e,, two orthogonal scattering wave vector
components in the detector plane. The down—down (DD) and up—up (UU) cross sections are shown in (a) and (b), respectively. (c) then plots a
squared, normalized DD-UU subtraction (see eq 4) along with the (vertical) +15° sector cut used to generate a purely magnetic cross section

dx
sensitive only to the net magnetization (M) parallel to H, as discussed in the text. We denote this <$), plotting it vs scattering wave vector

magnitude Q in (d), where equivalent data for the T = 170 °C ensemble are also shown. Error bars correspond to one standard deviation and are
smaller than the point size. The solid red lines here are fits to the same core—shell model as used in Figure S, with all primary parameters fixed
based on Figure 4c and Table 1, except the magnetic SLD. The deduced magnetic SLDs (also converted to magnetization) are shown in Table 2.
As in Figure 4, these fits include a Q" (generalized Porod) component; the scale of this contribution is significantly smaller than in Figure 4c as
the ligands do not contribute to low-Q magnetic scattering. As discussed in the text, the fits include both the Q resolution function of the
instrument and particle size dispersity.
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Figure 7. (a, b) Two-dimensional “maps” of the half-polarization (i.., incident beam polarization only) SANS cross sections vs Q,, Q,, i.e.,, two
orthogonal scattering wave vector components in the detector plane. (a) and (b) show the down (D) and up (U) cross sections for the NP
ensemble synthesized at temperature T, = 170 °C. Data were collected at measurement temperature T = 5 K after field-cooling in poHpc = +1.5 T
and then reducing the field to yoH = +7.0 mT. (As for all data in this paper, H was applied along x, perpendicular to the neutron beam, which is
parallel to z). (c) and (d) show the resulting D + U and D — U data. As discussed in the text, the shown (vertical) +15° sector cut in (d) is used

dz
(see eq S) to isolate a magnetic cross section sensitive only to magnetization (M) parallel to H. We denote this (%), plotting it vs scattering

wave vector magnitude Q in (e), at T = S, 30, 60, 90, 120, 150, 180, 210, 240, 270, and 300 K. Error bars correspond to one standard deviation.
Solid black lines are the fits to the core—shell model described in the text. All parameters were fixed at values determined from Figure 4c
(unpolarized SANS; Table 1) except the Ni core magnetic scattering length density (SLD). No Porod contribution was required here due to the
larger minimum Q compared to Figures 4—6. As discussed in the text, the fits include both the Q resolution function of the instrument and particle
size dispersity. The resulting Ni core magnetic SLD is shown vs T in (f) (solid points), with equivalent M(T) (magnetization vs temperature) from
SQUID magnetometry superimposed. M(T) was measured in 5.0 mT, zero-field-cooled (ZFC) and field-cooled (FC). Note that 1 emu = 10~°

Am>.

adds to the structural scattering in the DD cross section and
subtracts from it in the UU cross section.*® The DD—UU
subtraction in (c) shows this lobing more clearly. This DD—
UU cross section is not entirely magnetic in origin, however,
and so, we followed a standard approach by taking a +15°
sector cut along the Q, direction, as illustrated in Figure
6¢.°°7% This extracts a nuclear-magnetic cross-term where the
magnetic contribution is sensitive only to the net magnet-
ization parallel to H. The purely magnetic cross section,
dZyu/dQ, was then isolated using(’é’67

dZ\u/dQ = pnzme

2
DD uu
—oasql[2Z] - ()
y y

dQ dQ
=\’ (d=\"
&) ()
aQ ), aQ ), (4)
s \UU
Similar to the notation used above, here (I}) , for
y

example, is the UU cross section along the y-direction, pyyy is
the magnetic scattering length density (proportional to the net
magnetization parallel to H), and C is the constant that scales
with the quantity of sample illuminated by the neutron
beam.**™*’

The resulting Q dependence of dXy,y/dQ is shown in
Figure 6d, not only for the T = 200 °C ensemble highlighted
in Figure 6a—c but also for Ty = 170 °C. In this high-field,

near-saturated condition, the form of the Q dependences of
A2/ dQ is very different to the dXy, ;;/dQ curves in Figure
Sh, instead having a peak/shoulder shape reminiscent of Figure
4c. This is because the large applied field mostly aligns the
magnetization from one nanoparticle to the next, meaning that
the extent of interparticle magnetization correlation becomes
approximately equivalent to the interparticle structure
correlation. The solid red line fits in this case are again to
the core—shell model described above, this time with S, <D>,
t*, f, and (6/<D>) (see Table 1) fixed based on the fits to
Figure 4c and only the magnetic SLD of the shell and Ni core
allowed to vary. The shell magnetic SLD tended to zero in
both cases, and the core SLD refined to 1.27 X 107¢ and 1.40
X 107 A7 for the T, = 170 and 200 °C cases, respectively,
corresponding to 50 and 5S emu/g (Table 2). These values are
again bulk-like, particularly for the 200 °C synthesized NP
ensemble, potentially indicating slightly higher Ni structural
quality at the elevated T, (with larger t*, however, as already
noted).

Half-Polarization SANS Measurements. The above
measurements and analyses conclusively support the picture
of a Ni core with bulk-like FM properties surrounded by a non-
FM Ni,Ps shell at low T, evolving to a hollow core/non-FM
Ni,Ps shell at higher T, In the lower-T, cases, low-T
magnetometry and low-T polarized SANS are in near-exact
quantitative agreement on the Ni core magnetization and the
non-FM shell thickness, t*. The magnetic aspects of these
deductions derive only from S K data, however (Figures S and
6), leaving open the question of the T-dependence of the
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magnetism. Probing this with fully polarized SANS measure-
ments of the type shown in Figures S and 6 is prohibitively
time consuming due to the substantial reduction in measured
intensities. As a more viable alternative, we thus performed T-
dependent half-polarized SANS measurements on the
representative T, = 170 °C NP ensemble. In this approach,
the polarization of the incoming beam is maintained, but spin
analysis of the scattered beam is not performed.®~® Such
measurements, which used only the 2 m (higher-Q) detector
setting, were made after field cooling from 300 to 5 K in +1.5
T then reducing u,H to +7.0 mT, i.e., maintaining significant
net magnetization parallel to H. D and U cross sections (see
Figure 7a,b for an example at S K) were used to extract D + U
and D — U intensities as shown in Figure 7c,d. As expected,
the D + U Q,—Q, map reveals strong, isotropic scattering due
to the dominance of chemical scattering contributions. As
demonstrated in the Supporting Information (Figure SS), a
circular average of the D + U data in Figure 7c almost exactly
reproduces the unpolarized cross section in Figure 4c, as one
would expect. The D — U scattering, on the other hand,
although much weaker than D + U (see the color scales), is
clearly lobed along Q,, confirming significant net magnet-
ization parallel to H. Along similar lines to the analyses above,
the magnetic cross section dXy,;/dQ was then extracted
using

ALy n/dQ = P;IHH

2

D 8]
—oasql(2] - 52]
dQ), dQ),
((dz)D (dZ)U]
N=| +|=2
aQ ). aQ )., (5)
z

U
where (j—g) , for example, is the U cross section along the y

direction.””®” This treatment is valid even without polarization
analysis since any contribution to SF scattering from M
perpendicular to H is effectively subtracted out in the
numerator.**®’

As shown in Figure 7e, dXy;//y/dQ and its Q dependence
evolve significantly with increasing T, both the low Q tail and
the Q &~ 0.065 A™' peak decreasing in intensity on warming.
These two features arise from the decreasing amplitude of the
inter-particle structure factor (modeled here with a hard-
sphere structure factor) convoluted with the FM form factor of
the Ni core, meaning that a strong T dependence of this
scattering cross section is to be expected in such SP Ni NP
ensembles. At higher T, the low Q tail is, in fact, entirely
suppressed, the only signature of magnetic scattering being a
weak peak around 0.07 A™". The solid black line fits through
these T-dependent data are again to our core-shell model, with
all parameters fixed at previously determined values (Table 2)
except the Ni core magnetic SLD. The very good fits in Figure
7e result in the T-dependent magnetic SLD values shown in
Figure 7f, where the magnetic SLD on the right axis is
converted to magnetization in emu/g on the left axis. The
extracted net magnetization parallel to H from these half-
polarized SANS measurements is seen to decrease smoothly
from ~7 emu/g at low T to around 1.5 emu/g at 300 K.
Superimposed on these data in Figure 7f are SQUID
magnetometry measurements of M(T) in a very similar

applied poH (5.0 mT) after both FC and ZFC. The agreement
between the FC magnetizations from SQUID magnetometry
and half-polarized SANS measurements (taken after FC) is
remarkable not only in terms of the T dependence but also the
absolute magnitudes. This observation extends the above
conclusions by establishing not only a Ni core/Ni,,Ps shell
with bulk-like M, in the Ni core but also T-dependent FM
behavior in good accordance with magnetometry.

B SUMMARY AND CONCLUSIONS

In summary, prior work establishing quantitative under-
standing of the superparamagnetic blocking temperature-size
relationship in Ni nanoparticle ensembles was predicated on
the indirect deduction of ferromagnetic volume less than the
chemical volume due to surface dead shell formation.** Here,
synthesis-temperature-dependent X-ray diffraction, transmis-
sion electron microscopy, and magnetometry measurements
were first used to form the hypothesis of a chemical origin for
this shell. This is based on surface Ni phosphide formation
(specifically Nij,P;) due to diffusion-limited reaction with
trioctylphosphine, a reducing agent, solvent, and ligand used in
this and many other such colloidal nanoparticle synthe-
ses.">7887790 A series of unpolarized, fully polarized, and
half-polarized SANS measurements and analyses were then
used to directly and completely probe the average internal
chemical and magnetic structure of these NPs with sub-nm
spatial resolution. The results not only confirm the formation
of a nanometric Ni;,Ps shell but additionally verify the bulk-
like magnitude and temperature dependence of the Ni core
magnetization and, importantly, weak interparticle magnetic
correlations (much weaker than the structural interparticle
correlations), the other key assumptions in prior modeling of
superparamagnetic behavior.** Detailed, quantitative insight
into the synthesis temperature-dependent evolution from
ferromagnetic Ni core/sub-nm non-ferromagnetic Nij,Ps
shell to entirely non-ferromagnetic hollow Ni},Ps shells was
also obtained.

In addition to strong confirmation of key assumptions in
prior parameter-free modeling of superparamagnetism and a
detailed view of the synthesis—structure—property relations in
these Ni nanoparticle ensembles, these findings point to some
intriguing potential future directions. In particular, the deduced
sub-nm control over the formation of Ni phosphide shells on
these Ni nanoparticles suggests that it could be possible to
develop this as a means to air-stabilize ferromagnetic metallic
nanoparticles without organic ligands. Future work in this
direction could assess the air stability of particles after organic
ligand stripping as a function of the phosphide shell
composition and thickness (controlled via the synthesis
temperature) and potentially other synthesis variables.
Statistical variations in shell thickness may well play a role in
such issues, and it is noted that all parameters determined here
from SANS are of course bulk ensemble averages. It would also
be of interest to explore magnetically ordered Ni-P
compositions (at lower P content), potentially generating a
route to the one-step controlled synthesis of ferromagnetic
core/magnetic phosphide shell nanoparticles. The work
reported here provides a first step in these directions, supports
prior assumptions in quantitative parameter-free modeling of
superparamagnetism, and should serve to highlight both the P
incorporation issue in this and related colloidal syntheses as
well as the power of the currently available suite of SANS
methods for such studies.
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