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ABSTRACT: Magnetic anisotropy critically determines the utility E—a—— e — U -l
of magnetic nanocrystals (NCs) in new nanomagnetism o 7 /_\_—\—’/ {8
technologies. Using angular-dependent electron magnetic reso- =3 H f\%%
nance (EMR), we observe magnetic anisotropy in isotropically s .52 \;\/w/%
arranged NCs of a nonmagnetic material. We show that the shape Ca] » 3 '_, =< \\/\_//a;,jgi
of the EMR angular variation can be well described by a simple A e @%%
model that considers magnetic dipole—dipole interactions between o iy A ’\_____/—/—Eégf
dipoles randomly located in the NCs, most likely due to surface e N T 7ng(
dangling bonds. The magnetic anisotropy results from the fact that > Magnetic field

the energy term arising from the magnetic dipole—dipole

interactions between all magnetic moments in the system is dominated by only a few dipole pairs, which always have an
anisotropic geometric arrangement. Our work shows that magnetic anisotropy may be a general feature of NC systems containing
randomly distributed magnetic dipoles.

1. INTRODUCTION if the NCs are stacked in a volume with anisotropic shape, such
as a thin film,** 7> a chain,”**"* or an elongated elipsoid.40
This magnetic anisotropy has been described within the
framework of uniformly finite magnetic bodies with an effective

Nanocrystals (NCs) of inorganic materials display a wealth of
remarkable properties that arise from their reduced dimen-

sions.'™ In particular, ensembles of magnetic NCs have been d tization t havine th ‘ the NC
the subject of intense research®™'® due to their potential in CIagnetzation fensor Naviig the same Symmetry as mhe

34,36,37,41 .y .

L . . . . 9,13,17,18 sample shape, 436374 40 a way similar to that applied for bulk

applications such as high-density recording media, ; L1 42 . . .

. . 19,20 . . . 221,22 magnetic materials.” Some studies considered magnetic
spintronics, magnetic resonance imaging, and heat

induction by the magnetocaloric effect’”** for use in cancer dipole—dip Ole? 1n.teract10ns explicitly to link the symmetry ?,f
22,23 . 25,26 . the demagnetization tensor to the shape of the NC ensemble.”
therapy, drug delivery, treatment of diseases by

hyperthermia,”’ thermal imaging®® and remote control of Magnetic dlps)le—dlpole interactions .have also been Proposed
. : 29 to be the origin of other new magnetic phenomena discovered
ion channels in cells. ) 7o . .
- I in NC systems, such as collective interactions in self-assembled
Many of these applications rely on magnetic anisotropy to . i i i .
. . . . binary NC superlattices leading to a single-phase-like magnet-
preserve the orientation of the magnetization against for N ) o .
. 9,17-21,23 . . ization alignment that is different from the behavior of phase-
example thermal fluctuations. Magnetic anisotropy separated mixtures of the two tvpes of NCs'® or the
may occur in an ensemble of NCs when each NC is P P

. . . appearance of correlated areas of parallel magnetization in
magnetically anisotropic, for example, due to magnetocrystal- ) . : B
. . 9,18,23 . . 17,2021 two-dimensional self-assemblies of superparamagnetic Co
line anisotropy, due to an anisotropic NC shape, or

. : NCs."> M it has b dicted that NCs of

due to strain,'” and the NCs are arranged such that their S Loreover, 1t has been predictec 2 =0

o 9,17,18 diamagnetic materials can exhibit magnetic properties, in
magnetization easy axes are parallel. For example, NCs

with magnetocrystalline anisotropy ordered in arrays’ or in partlcul'ar that ‘CdSe N,CS should p OSSess  macroscopic
: .18 magnetic moments resulting from dangling bond magnetic
superlattices formed by thermal annealing ® have been shown 43 o
L o polarons.™ This prediction has been supported recently by the
to support stable magnetization reversal transitions and to

provide stable elementary bits for nanorecording. Highly
tunable dielectric properties with weak magnetic fields have Received:  January 21, 2020
also been achieved by embedding magnetically polarized Ni Accepted:  April 15, 2020
NCs in a diamagnetic BaTiO; matrix.”’ NCs have proven Published: May 13, 2020
valuable in enhancing the properties of host materials when

embedded in other material matrices.”**’ Ensembles of

randomly oriented NCs may also show magnetic anisotropy
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experimental observation of magnetic polarons in CdSe
colloidal NCs in fluorescence line narrowing (FLN) experi-
ments.**

In this work, we report the observation of magnetic
anisotropy in ensembles of CdSe NCs randomly stacked in
an isotropic shape and show that this unexpected behavior can
be explained by considering magnetic dipole—dipole inter-
actions between dipoles in the NCs. The magnetic anisotropy
is probed via the angular dependence of electron magnetic
resonance (EMR) spectra and results from the fact that the
energy term arising from the magnetic dipole—dipole
interactions between all magnetic moments in the system is
dominated by only a few dipole pairs, which always have an
anisotropic geometric arrangement. Our study provides insight
on the role of magnetic dipole—dipole interactions on the
magnetic behavior of nanomaterials by showing that these
interactions may yield magnetic anisotropy even in NC
ensembles lacking shape anisotropy and magnetic atoms.

2. RESULTS AND DISCUSSION

Figure 1 shows the EMR spectra recorded at room
temperature for two samples of (undoped) CdSe NCs,
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Figure 1. EMR spectra recorded for two CdSe NC samples with H at
different angles, a; within the xy-plane. The open dots indicate the
zero-crossing magnetic field, H,., of the resonance band observed in
each spectrum. The dashed lines show the H,, angular variation
calculated with the model described in the text.

prepared from the same synthesis batch, for various
orientations of the external magnetic field, H. Here, H was
rotated in the xy-plane, which is perpendicular to the sample
tube axis (z-axis); see Figure 3a. As can be seen, each EMR
spectrum displays a resonance band with a zero-crossing
magnetic field, H,, that depends on the H orientation, ay. The
location of H,,, in each spectrum is indicated by the dots in
Figure 1. For simplicity, ay is set with respect to the H
orientation for which the resonance band displays the lowest
H,.,. For sample I, the lowest and highest H,,, are located at 62
mT (ay = 0°) and ~400 mT (ay = 90°), respectively. A

qualitatively similar angular dependence is observed for sample
II, but with a considerably smaller amplitude of variation in
H,. Sample II also shows a sharp signal without angular-
dependent shape and position which is located at ~335 mT
and is related to paramagnetic Se vacancies in the NCs.” We
have measured 30 samples of CdSe NCs from six independent
synthesis batches, with each batch comprising both undoped
and Ag-doped samples. We observed angular-dependent EMR
for all samples. However, the amplitudes of the H,, angular
dependence varied quite broadly from sample to sample, with
observed amplitudes ranging from a few mT to ~200 mT. No
correlation between the amplitude of the EMR angular
dependence and the synthesis batch or the Ag doping level
was observed. This will be discussed further below, in the
context of the results presented in Figure 5.

To display magnetic resonance, our NCs must contain
magnetic dipoles. Recently, both room-temperature ferromag-
netism*™* and paramagnetism® have been reported for
CdSe NCs surface-coated with trioctylphosphine oxide
(TOPO) ligands. In fact, ferromagnetism has been recently
reported for several types of organic-ligand-capped NCs made
of materials which, like CdSe, are diamagnetic in the bulk such
as Au®' % and Zn0.>"* In these studies, it was concluded
that the magnetic behavior originates from magnetic dipoles
located at the NC surface. Theoretical studies of CdSe NCs
have predicted that the interaction between spins of surface
dangling bonds may lead to the formation of magnetic
polarons, making each NC ferromagnetic.”’ Very recently, the
formation of these dangling bond magnetic polarons in CdSe
NCs has been demonstrated experimentally by observing via
FLN spectroscopy a strong decrease in the radiative decay of
the dark exciton at temferatures below the critical temperature
of polaron formation.”*

In our samples, the NC powder was randomly compacted
into a volume without shape anisotropy when H is rotated
within the xy-plane perpendicular to the sample-tube axis. For
such a system, paramagnetic centers (noninteracting magnetic
dipoles) can only induce isotropic lines in the magnetic
resonance spectra, even if each paramagnetic center is locally
anisotropic, for example, if each paramagnetic center lies at a
crystal lattice site.” This is because in a powder system, the
symmetry axes of the different paramagnetic centers are
randomly oriented with respect to the applied magnetic field
and, therefore, the energy of the system loses any dependence
on the magnetic field orientation.*’ However, as shall be
demonstrated below, for a system of interacting magnetic
dipoles with mutually aligned magnetic moments, the energy
of the system can be anisotropic as a result of the dipole—
dipole interaction, which is intrinsically anisotropic. The
strength of the dipole—dipole interaction when the (mutually
aligned) magnetic moments of the dipoles are parallel to the
line connecting the dipoles is different from that when the
magnetic moments are perpendicular to that line. Thus, the
observed angular dependence in EMR spectra is a direct
indication of the presence of interacting magnetic dipoles, via
dipole—dipole interaction, in our NC ensembles. Presence of
the aligned magnetic moments, that is, magnetic ordering, in
our NC ensembles was confirmed by means of magnetization
loop measurements.

Figure 2 shows representative magnetization loops measured
for four CdSe NC samples prepared from different synthesis
batches. The magnetization curves of our NCs display a
saturation at values, M, = 2—6 memu/g and coercivity, H,
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Figure 2. Magnetization loops measured with SQUID at room
temperature for four of the CdSe NC samples analyzed in our study.

ranging from 20 to 200 mT. No trend is observed in the
relation between M and H.. We can rule out that transition-
metal contaminants such as Fe are the origin of the magnetism
of our CdSe NCs. If Fe (M, = 14000 emu/g), Ni (M, = 4000
emu/g), and Co (M, = 12 600 emu/g) in quantities of about 1
ppb were the source for the observed magnetization, our
samples should display M, =~ 0.02 memu/g. This value is at
least 2 orders of magnitude smaller than the values of M;
measured in our samples. From magnetization loop measure-
ments, we estimate an average number of magnetic dipoles per
NC in the range of 10—30, corresponding to the saturation
magnetization times the weight of a single NC divided by the
magnetic dipole moment of one dipole, m. The values of
magnetization saturation observed for our CdSe NCs are
within the range of values (0.2—20 memu/g) reported
previously for CdSe NCs.**~*°' The highest values of
coercivity observed for our CdSe NCs (200 mT) are above
the range of values (5—25 mT) reported for other CdSe
NCs," """ but are comparable with the values reported for
NCs of other diamagnetic materials.”"%>%*

There are diverging reports concerning the magnetic
properties of CdSe NCs, with some works reporting the
observation of ferromagnetism (e.g., ref 46) and other works
reporting the observation of paramagnetism (e.g., ref 50). In
the specific case of our CdSe NCs, we observe magnetization
loops revealing ferromagnetic behavior, although some of them
display smaller coercivity. This shows that samples made of
similar NCs can indeed exhibit different behavior. This is in
line with the fact that different works, which use CdSe NCs
produced in different ways and therefore with differences in
terms of physical properties, report different magnetic behavior
and indicates that the magnetic properties of CdSe NCs can be
sample-dependent. Our goal is not to report the observation of
ferromagnetism in CdSe NCs, neither to suggest that CdSe
NCs are always ferromagnetic. It is also beyond the scope of
our work to explain the origin of the apparent conflicting
results published in the literature concerning the magnetic
behavior of CdSe NCs. It is possible that both observations are
correct, with the appearance of ferromagnetism or para-
magnetism being dependent on particular characteristics of the
specific CdSe NCs studied in different works, such as surface
passivation, geometry, and chemistry. For example, in the case
of Au nanoparticles, it has been found that the magnetic
properties are strongly dependent on the type of capping
agent.64’65

Here, we instead focus on the description of the shape and
amplitude of the observed angular-dependent magnetic
resonance. As shall be explained below, this is done using a

simple model based on magnetic dipole—dipole interactions
between dipoles at the NCs surface. The possible origin of
these surface spins will also be briefly discussed below.
Importantly, we should note that our model does not require
that the system of CdSe NCs is ferromagnetic and can be
applied to both ferromagnetic and superparamagnetic systems.
We now describe the theoretical framework to explain the
angular dependence of our EMR spectra.

In a system consisting of noninteracting magnetic dipoles,
each of the dipoles acts independently and the system displays
a paramagnetic behavior, which in a powder sample should not
show any magnetic anisotropy.”’ However, if the magnetic
dipoles interact via magnetic dipole—dipole interac-
tions,">°°™® the situation can be rather different. Assuming
a system with ng, magnetic dipoles with a magnetic dipole
moment m, which are distributed in a volume V, the magnetic
free-energy density may be given by

F=M-H + Fdip (1)

where M is the total magnetization vector. From the
magnetization loop measurements, as well as from measure-
ments reported in refs 46, 49, 61, we can infer that at the
observed resonant magnetic fields (H,, > 100 mT), the
magnetization of our NC ensembles is at (or close to)
saturation, meaning that the magnetic dipoles are mutually
aligned. This magnetic ordering is of course due to exchange
coupling between the dipoles. We consider that the exchange
interaction between dipoles is isotropic. Within this approach,
the exchange coupling contributes to the free energy, F as a
constant that is independent of the direction of the magnetic
dipoles, that is, does not depend on the direction of H, and
therefore does not contribute to the anisotropy of F. Typically,
the symmetric and antisymmetric anisotropic terms of the
exchange coupling are, respectively, 1 and 2 orders of
magnitude smaller than the isotropic component of the
exchange coupling.”””" We follow also previous studies that
consider that the main contribution to the anisotropy observed
in magnetic resonance spectra of nanoparticle systems results
from the anisotropic dipole—dipole interaction.***>”* We
should also note at this point that before each magnetic
resonance measurement is started, the sample is always
subjected to a magnetic field above 1000 mT, where it is
magnetized. This results directly from the way the angular
dependence of the EMR spectrum is obtained, where the
measurement of each spectrum is always preceded by the
measurement of another EMR spectrum where the magnetic
field is scanned between 0 and 1000 mT. Thus, we consider
that for all resonant fields, the magnetic dipoles responsible for
the anisotropic magnetic resonance signal are collinear and so
M has a magnitude, M = ng,m/V. The first term in eq 1
corresponds to the Zeeman interaction and the second term
accounts for the magnetic dipole—dipole interactions between
the dipoles, which is given by

/’lo m2
Fdip = 72 Z 3

T

X {1 — 3[sin cos(/flj — ay)sin B, — cos a; cos ﬁM]Z}
2)
Here, p, is the vacuum permeability, r;; is the distance between

magnetic dipoles i and j, and the angles a;;, 3, oy, and py; are
defined in Figure 3a.
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Figure 3. (a) Coordinate system used to describe M, H, and the
vector, r; connecting magnetic dipoles i and j. The cylinder and the
grey spheres correspond to the sample volume and to magnetic
dipoles randomly distributed in that volume, respectively. (b—d)
Energy, Fy, calculated for three random arrangements of magnetic
dipoles, with ng, = 1000, m = 1.73ug, and a density of 2 magnetic
dipoles per nm?, as a function of orientation of M within the xy-, xz-,
and yz-planes, respectively. The solid lines correspond to fittings using
F¢ given by eq 3.

We consider a given number ny;, of magnetic dipoles that are
randomly distributed in a cylinder with a diameter equal to its
height, corresponding to the geometry of our samples. Figure
3b—d shows the angular variation of Fy;, for rotation of M in
the xy-, xz-, and yz-planes, respectively, obtained from three
independent calculations, which correspond to three different
computer-generated random arrangements of magnetic dipoles
with the same ng, The data shown in these figures is
calculated for ng, = 1000, a density of magnetic dipoles of 2
dipoles per nm®, and m = 1.73up," where uy is the Bohr
magneton. From the data shown in Figure 3b—d, we observe
that in all three calculations, Fy;, displays an angular variation
in the three rotation planes. However, the angular variations
are quantitatively different for each spatial arrangement of
magnetic dipoles. Nonetheless, the calculated data already
indicate that the term, Fg, should result in an effective
magnetic anisotropy in a random arrangement of magnetic
dipoles. We have found that Fy, can always be well
parameterized by a simple energy density term of the form

Dxx ny sz
u
EE=?OM‘D‘M’ D =|D. D, D,
sz Dzy Dzz (3)

where D is a tensor that describes the effective dipolar
interaction in the NC ensemble, with D, = D,,, D, = D,;, D,,
= D,, and D, + D), + D_, = 0. As examples, the results of
adjusting eq 3 to the angular variations of Fg;, given in Figure
3b—d are indicated as solid lines in the same figures. As can be
seen, a rather good agreement is obtained. We would like to
note that although the mathematical equation of our effective

energy term, F is similar to that of the well-known
magnetostatic energy comprising the so-called demagnet-
ization tensor, N,73 these two energy terms are not the same.
Although the magnetostatic energy term typically describes the
shape anisotropy of the magnetic material, which is not present
in our system when the magnetic field is rotated in the xy-
plane, our energy term, F,¢ describes the effective contribution
of the magnetic dipole—dipole interactions between all dipoles
to the energy of the NC ensemble. Thus, the characteristics of
the tensor D in F.¢ and of the demagnetization tensor N are
not necessarily the same. Indeed, we find that tr(D) is O,
whereas the trace of the demagnetization tensor is known to be
1.

Our analysis implies that the angular dependence of H,.
may be obtained from the resonance equation derived by Suhl
and Smit’*”> in conjunction with the magnetic free energy
given by eq 1, with the quite complex dipolar energy term, Fy;,
given simply by eq 3. From this, a general equation for the
angular variation of H.,,, which depends on the elements of D,
can be obtained. This is given by eq S3 in the Supporting
Information. For H oriented in the xy-plane, this general
equation has a negligible dependence on D,, and D,, and,
therefore, it can be approximated to

2
1
[%] - E{ZC sin(2ay;) + B cos(2ay;) — H,,, cos A}

X {B cos(2ay) + 3A + 2[2C sin(2ay) + H,, cos A]} =0
(4)

where @ = 27w, with v being the frequency of the applied
microwave field, and y = 2mguy/h. Moreover, h is the Planck
constant, A = oy — oy, and g is the g-factor, which is set equal
to 2. The dependence of H, on the orientation of the external
magnetic field is determined by the parameters, A = yM(D,, +
D,,), B = uoM(D,, — D,,), and C = yoMD,,. The parameter A
gives the shift of the median of the angular variation of H
from H = hv/gug. The amplitude of this angular variation
depends only on B. The parameter C sets the phase of the
angular variation of H. The resonance condition in eq 4 is
obtained for the equilibrium orientation of M, for which F is
minimum (0F/day = 0),”* which is given by

2C cos(2ay) — Bsin(2a) — 2H, sin A =0 (3)

Overlayered to the spectra shown in Figure 1, we plot the
fitted angular variations of H,,, calculated from eqs 4 and S. As
can be seen, the calculations describe quite well our
experimental angular variations, H,, These fits yield the
values of A = 191.5 mT and B = 204.6 mT for sample I, and A
= 122.6 mT and B = 24.1 mT for sample II. The values of C
obtained from these fits are irrelevant and set to C = 0 mT
because the phase of our experimental angular variations of
H,, is set arbitrarily, as mentioned above.

We have shown that the angular variation of the EMR
spectra of our samples may be described by a model that
considers magnetic dipoles interacting via magnetic dipole—
dipole interactions. These interactions may occur between
magnetic dipoles at the surface of NCs, where unterminated
sites may result in paramagnetic defects with a localized
electron spin which has a magnetic dipole moment.**”® In our
NCs, most of the surface atoms should be passivated with
organic ligands, but previous studies showed that only ~70% of
the atoms at the surface of CdSe NCs are passivated by
ligands.77’78 Thus, in our CdSe NCs with dyc = 2.7 nm, we
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expect that about 30 surface atoms remain unpassivated and
result in paramagnetic defects that provide the magnetic
dipoles in our samples. This amount is consistent with the
value of 10—30 magnetic dipoles per CdSe NC estimated
above from magnetization loop measurements.

To simulate the magnetic dipole—dipole interactions
between surface magnetic dipoles in our samples, we generated
ensembles of nyc ligand-capped NCs with dyc = 2.7 nm. For
that, we distribute the NCs in a cylinder with a diameter equal
to its height and a volume that corresponds to a volume
fraction of NCs equal to 0.2. In random ensembles of NCs, the
NC volume fraction is expected to be much smaller than that
of ordered 3-dimensional arrays of NCs, such as an FCC NC
superlattice, with a volume fraction of 0.74. Each NC in the
ensemble is placed with its ligand shell in contact with that of
its neighbors. This situation is represented for two neighboring
NCs in Figure 4a. The contact point between NCs is labeled as

0.03 T T T T
()
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(=}
=)
%]

e
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Figure 4. (a) Scheme of two neighboring ligand-capped NCs in
contact with each other at the point P. The grey regions represent the
thickness of the ligand shell of each NC at their mutual contact point,
P. (b) Probability distribution of the ligand shell thickness, dyg. (c)
Spatial probability distribution, P(rdip) of the extra magnetic dipole
that is placed at the NC surface when dj; < 0.3 nm. The maximum of
this distribution is located at the point P’, which corresponds to the
point on the NC surface that is closest to the contact point P.

P. As mentioned above, the ligand coverage of NCs is
incomplete. Therefore, we define the thickness of each NC
ligand shell at the NC’s surface point that is nearest to P, which
is indicated in one of the NCs in Figure 4a and labeled as P'.
For each P’, the thickness of the NC ligand shell is picked
randomly from the normal distribution shown in Figure 4b.
We set the mean and width of this distribution equal to 0.3
nm, in accordance with the previously reported calculations of
the equilibrium separation between surfaces of ligand-capped
NCs.””® On the surface of each NC in the ensemble, we
randomly distribute 10 magnetic dipoles, separated from each
other by at least the bond length of CdSe (0.26 nm). This is a
conservative estimate for the amount of magnetic dipoles
estimated as described above. It is also reasonable to assume
that in regions of a NC surface where the ligand shell is
thinner, which result from a lower coverage by ligands, the
number of surface dipoles is larger. To account for this, we add
one magnetic dipole on the NC surface when dj;, < 0.3 nm.

The extra dipole is placed near the corresponding P’, according
to a Fisher distribution P(ry,) = C(k)exp(xp-ry,)."" Here,
C(x) = k/4n sinh K, rg;, is the position of the magnetic dipole,
and g and k determine the direction of the maximum and the
width of P(rdip), respectively. We set P(rdip) with ¥ = 3 and
with maximum at the corresponding P’. This value was chosen
so that the extra dipole, resulting from incomplete passivation
(thinner ligand shell), is located in the vicinity of the contact
region between the NCs. The used P(ry,) distribution is
shown in Figure 4c.

We have calculated the distributions of the parameters A and
B for different situations of nyc. For each situation, we have
generated 2000 different ensembles of NCs, we have calculated
EFy, for each ensemble, and afterward, we have calculated the
elements of the tensor D for each ensemble by adjusting eq 3
to Fg, From these elements, we then calculated the
parameters A and B for each ensemble. The distributions of
these parameters are shown in Figure S for sets of 2000
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Figure §. Distributions of the parameters (a) A and (b) B calculated
for 2000 different computer-generated NC ensembles with nyc = 2,
10, 20, and 100. The insets compare the distributions of experimental
values of A and B obtained from the EMR spectra with those
calculated for NC ensembles with nyc = 100.

ensembles of NCs with nyc = 2, 10, 20, and 100. Here, we see
that the distributions of A and B obtained from our
calculations span about 4 orders of magnitude and are not
significantly dependent on nyc. We note that the experimental
values of A and B obtained from the fits shown in Figure 1 (A
=191.5 mT and B = 206.6 mT for sample I, and A = 122.6 mT
and B = 24.1 mT for sample II) are within the ranges of values
of A and B obtained from our calculations, for all nyc
considered. The insets of Figure Sa,b show the distributions
of experimental values of A and B obtained from the EMR
spectra of 30 different samples (purple bars). From
comparison with the corresponding calculated distributions
(black stripped bars), we see that our calculations are in good
agreement with the wide distributions of values of A and B
observed experimentally.

The calculations described above enable us also to further
discuss the microscopic origin of the anisotropy of the energy
term Fg,, and the consequent anisotropy of the EMR for
random ensembles of NCs. Here, we should bear in mind that
the dipole—dipole interaction is intrinsically anisotropic
because its strength is different when the two (mutually-
aligned) magnetic moments of the interacting dipoles are
aligned along the line connecting them compared to when they
are aligned perpendicularly to this line. Hence, for a simple
system with only two mutually aligned magnetic moments, Fy;,
is always anisotropic. For a system with many randomly
distributed magnetic dipoles, the energy term Fy, in eq 2
accounts for all dipole—dipole interactions resulting from all
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magnetic dipole pairs present in the system, that is corresponds
to the summation of all interactions between all magnetic
dipole pairs. According to our calculations, for any given
arrangement of randomly distributed magnetic dipoles in the
NC ensemble, there are always a few magnetic dipole pairs that
contribute much more to Fg, than all other pairs. In other
words, Fg, is dominated by only a few dipole pairs, which are
the pairs where the two magnetic dipoles are more closely
spaced. Thus, even for a system with a large number of
magnetic dipoles, like in our NC ensembles, Fy;, is dominated
by only a few magnetic dipoles and the geometric arrangement
of these few magnetic dipoles is effectively always anisotropic.
From our calculations for magnetic dipoles randomly
distributed on the NCs surface, Fy, is dominated by only
2—4 dipole pairs. For most of the calculated NC ensembles,
the 2—4 dipole pairs that dictate the anisotropy involve at least
one dipole that is added as a result of a thinner surface shell,
which is generated by the Fisher distribution as described
above. Thus, our calculations suggest a link between
incomplete (thinner) surface passivation and the appearance
of surface dangling bonds (dipoles). Moreover, it becomes
apparent that the dipole pairs contributing the most to Fg,
correspond to pairs where each dipole is located in different
NCs and where the inter-dipole distance is in the range of a
few angstroms. As Fy, is always dominated by only a few
dipole pairs, it is readily expected that different ensembles of
statistically similar NCs, in terms of average number of surface
dipoles and random distribution of these dipoles, may have
very different configurations for the dominant dipole pairs, in
terms of inter-dipole distances and orientations. Thus, we may
understand why different ensembles of similar NCs, from the
same synthesis batch or synthesized in a similar way, may
exhibit very different values for the parameters A and B.

3. CONCLUSIONS

In summary, we report the observation of magnetic anisotropy
in ensembles of NCs randomly stacked in an isotropic shape
using angular-dependent magnetic resonance. We show that
the shape of the magnetic resonance angular dependence can
be well described by a simple model that considers magnetic
dipole—dipole interactions between dipoles randomly dis-
tributed in the NCs, possibly originating from incomplete NC
surface passivation. The magnetic anisotropy results from the
fact that the energy term arising from the magnetic dipole—
dipole interactions between all magnetic moments in the
system is dominated by only a few dipole pairs, which always
have an anisotropic geometric arrangement. As incomplete NC
surface passivation is usually unavoidable, our study shows that
magnetic anisotropy may be a general feature of NC systems.

4. EXPERIMENTAL SECTION

In this study, we used CdSe NCs with a diameter of dyc = 2.7
nm produced via colloidal synthesis,*” capped with tri-n-
octylphosphine (TOP), tri-n-octylphosphine oxide (TOPO),
hexadecylamine (HDA), and dodecylphosphonic acid
(DDPA). After synthesis, the NCs were washed to clean
unreacted reagents from the dispersion. In this procedure, the
NCs are isolated by precipitation with ethanol and redispersed
in hexane or toluene.””’ Details of the synthesis of the CdSe
NCs used in this study are provided in the Supporting
Information. To quantify the concentration of transition-metal
contaminants, we performed elemental analyses by inductively

coupled plasma-optical emission spectroscopy. The concen-
tration of Fe impurities in our samples is about 1-2 ppb (i.e.,
roughly about 1 Fe atom per 2500 NCs), and the
concentration of Co and Ni is below the detection limit of
the technique (<0.1 ppb).

EMR was performed with a few milligrams of dry NC
powder filled into suprasil quartz tubes sealed under an inert
atmosphere of N,. The sample volume corresponds to a
cylinder with height approximately equal to the tube diameter.
For our measurements, we used a Bruker ESP 300E
continuous-wave X-band spectrometer (microwave frequency
of 9.45 GHz) driven in the absorption mode. Magnetization
loops were measured at room temperature in the field range
from —1 to 1 T using a superconducting quantum interference
device (SQUID) magnetometer Quantum Design MPMS-SS.
Quartz tubes filled with NCs were placed in the center of long
plastic tubes. The magnetic field was applied along the
sample—tube axis.
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B ADDITIONAL NOTE

“The total magnetic moment of a spin with quantum number,

S is given by m = \/S(S + 1) . Thus, for a spin with § = 1/2,

we have m = 1.73up.
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