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NMR-based gap behavior related to the quantum size effect
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We conducted '°Pt-NMR measurements on various-diameter Pt nanoparticles coated with polyvinylpyrroli-
done in order to detect the quantum size effect and the discrete energy levels in the electron density of states,
both of which were predicted by Kubo more than 50 years ago. We succeeded in separating the signals arising
from the surface and interior regions and found that the nuclear spin-lattice relaxation rates in both regions show
the metallic behavior at high temperatures. Surprisingly, the magnetic fluctuations in both regions exhibited
anomalous behavior below the same temperature 7, which points to a clear size dependence and is well scaled
with Skupe- These results suggest that a size-tunable metal-insulator transition occurs in the Pt nanoparticles as a

result of the quantum size effect.
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Since the theoretical prediction of the quantum size effect
(QSE) on metallic nanoparticles by Kubo [1], several inten-
sive theoretical studies of this effect have been conducted
[2-4]. Kubo predicted that physical properties of metallic
nanoparticles would differ from the bulk properties as the
system size decreased, and they depend on the parity of an
even or odd electron number. For example, the magnetic
susceptibilities of nanoparticles with even- and odd-number
electrons differ owing to the discrete energy levels [1]. Kubo
determined the mean gap size to be the inverse of the density
of states (DOS) D(er) at the Fermi energy er of an entire
nanoparticle, considering that the electronic states near &g in
the nanoparticles are redistributed because of the decrease in
the particle size.

The experimental results obtained for metallic nanopar-
ticles were summarized in a review article [2]. Although
several studies of nanoparticles have been conducted, the
identification of the QSE remains relatively difficult. This is
because the surface effect, which becomes dominant in the
small-sized nanoparticles, shows a deviation from the bulk
behavior, similar to that expected by the QSE. The surface
regions of nanoparticles often possess nonmetallic properties
owing to “a boring surface state,” e.g., oxidization or degra-
dation by coating materials. An intriguing QSE obtained from
the NMR measurement of Cu nanoparticle samples has been
reported [5-7]. It was reported that the Knight shift K and
nuclear spin-lattice relaxation rate 1/7] exhibited gap behav-
iors similar to the Kubo effect at low temperatures, although
the nanoparticle-size dependence of the energy gap estimated
using 1/7; was much smaller than the theoretically estimated
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gap, Okubo. Unfortunately, surface-interior separation failed
because of the small Knight shift of the Cu nanoparticles,
owing to the small DOS of the s electron.

In contrast to the nanoparticles of s-electron metals, such
as Cu, we focused on observing the QSE in nanoparticles
of d-electron metals, in which the electrons have a large
DOS at the Fermi level, to distinguish the QSE from the
surface effect. Although there are many d-electron metals, we
selected Pt nanoparticles for the following two reasons. First,
d electrons in the Pt nanoparticles are dominant in the DOS
at e [8]; thus, surface-interior separation should be easier.
Second, Pt is a good nucleus for NMR measurements [9] as
the gyromagnetic ratio of '*>Pt is large (y, = 9.153 MHz/T),
with a nuclear spin of I = 1/2, and is thus not subject to
the nuclear quadrupole interaction. Therefore, the shift and
linewidth of the ' Pt-NMR spectrum are determined only
through magnetic interaction. The d-electron contribution to
magnetic susceptibility can be determined by the Knight-
shift measurement, as the Knight shift of Pt metal is largely
negative owing to the core-polarization effect caused by the
d electrons [8]. Therefore, !> Pt-NMR measurements of the
nanoparticle sample are an excellent means of separately
determining the local electronic states at the surface and in
the interior regions, as well as distinguishing the QSE from
the surface effect.

To date, many NMR studies have been conducted on
various-sized Pt nanoparticles [10-13] to clarify the surface
effects but not the QSE. Rhodes ef al. [10] observed the 195p¢.
NMR spectra with a broad linewidth at the LN, temperature;
their observations showed a peak in the small Knight shift
side. These spectra were assigned to a signal arising from the
surfaces of the nanoparticles. This assignment was directly
confirmed using the spin-echo double resonance method [11].
Bucher et al. [12] pointed out that the NMR spectra are highly
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dependent on the surface states of the nanoparticles due to the
chemisorption of oxygen or hydrogen on the Pt nanoparticles.

We measured powdered bulk Pt metal and Pt nanoparticle
samples prepared by the reduction of metal ions. The prepara-
tion methods are described in the Supplemental Material [14].
The mean diameters of the nanoparticles were 2.5, 4.0, 7.4,
and 9.8 nm. The surfaces of all the samples were covered
with polyvinylpyrrolidone (PVP) to prevent the oxidization
and merging of the nanoparticles. All the samples had a face-
centered-cubic crystal structure, as determined from an x-ray
diffraction pattern measured at room temperature. The distri-
butions of the particle diameters were evaluated using a trans-
mission electron microscope, as shown in the Supplemental
Material [14]. For the NMR measurements, 500-mg sam-
ples (Pt nanoparticles and PVP) were used. The NMR mea-
surements were performed using the conventional spin-echo
method with a pulsed NMR. The NMR frequency was fixed
to 25.35 MHz, and the NMR spectra were measured using the
field-sweep method, as the NMR spectra of the nanoparticles
are considerably broader than those of the bulk material. The
fields were calibrated according to the data for the standard
Pt bulk embedded in Stycast, and were then converted to a
Knight shift. 7; was measured using the saturation-recovery
method at each point on the spectrum, i.e., various magnetic
fields. The single-component 7; was evaluated through the
exponential fitting in the high-temperature range at which the
Korringa relation holds. At low temperatures, the recovery of
the nuclear magnetization shows a multiexponential behavior,
and thus the fitting was performed in two time regions.
The fastest and slowest components are shown in Figs. 3
and 4, respectively. The typical fittings of the recovery of the
nuclear-spin magnetization are provided in the Supplemental
Material [14]. For the low-temperature measurements, we
paid considerable attention to the heating effects by the NMR
rf pulses. As a result, we obtained the NMR spectra and the
recoveries of the nuclear magnetization with various-energy
rf pulses. These are given in the Supplemental Material [14].
It was found that the heating effects are negligible for the
examined nanoparticles.

The NMR spectra of the samples with different mean diam-
eters (see sample section) at 5.0 K are shown in Fig. 1. A sharp
NMR signal was observed in the bulk Pt metal and did not
change when a PVP coating was used. With a decrease in the
particle diameters, the intensities at K ~ —3% and K ~ 0%
decreased and increased, respectively. The particle-diameter
dependence of the NMR spectra showed that the signals
around K ~ —3% and K ~ 0% were assigned as the signals
from the interior and surface regions of the nanoparticles,
respectively, because the ratio of the number of surface atoms
to that of inner atoms increases as the particle diameters de-
crease. In the 4.0-nm sample spectra, a shoulder was observed
at around K = +0.46%; this is considered to be the oxidized
part of the sample. In reality, the same signal was observed
in the NMR spectrum of the 2.5-nm sample which had been
left for a month in the ambient atmosphere, and was assigned
as the '>Pt-NMR signal from H,Pt(OH), [10,11]. The addi-
tional NMR peak [10], which is often observed on the surfaces
of Pt nanoparticles coated with chemical species, was not de-
tected at all, and the present NMR spectra were found to be in
good agreement with the NMR spectra of the “clean” nanopar-
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FIG. 1. Particle-diameter dependence of '>Pt-NMR spectra at
5.0 K. The horizontal axis is converted from a magnetic field to
a Knight shift. The vertical dotted line represents the position of
K = 0. In the 4.0-nm sample, a “shoulder” structure was observed.

ticle samples observed in previous studies [10,12]; thus, we
can conclude that the effect of the PVP coating was negligible.

To discuss the difference in the electron correlations on
the surface and in the interior, the Knight-shift dependence of
(1/T;T)"/? in the “metallic range” is shown in Fig. 2(a), which
also shows the previous results obtained by Rhodes et al. [13].
The 1/T; results obtained in this study are in good agreement
with the results of previous studies [13]. As discussed below,
1/T; showed the metallic behavior (717 = const) in the high-
temperature range, termed the “metallic range” in this Rapid
Communication. Note that (1/7;7)"/? and K are related to
the local DOS, and (1/7,T)"/? decreases at the NMR peak
with a smaller Knight shift. More interestingly, the relation-
ship between (1/7;T)"/? and K is almost independent of the
particle diameter. This clearly indicates that the electronic
properties in the metallic range are not characterized based on
the particle diameter but are determined through K, namely,
the local DOS of the 5d electrons.

In general, when the nuclear spin-lattice relaxation is
caused by the interaction between the Fermi contact and
polarized conduction-electron spins, which also induces the
Knight shift, the Knight shift and 1/7; exhibit the following
modified Korringa relationship [15,16]:
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FIG. 2. (a) Knight-shift dependence of (1/7;T)"/? at high tem-
peratures, where 1/77 shows the metallic behavior: 77T = const
(see Figs. 3 and 4). The gray points depict the results obtained by
Rhodes et al. [13]; the symbols are the same as those used in their
study. (b) «(«) is calculated using a modified Korringa relation for
each sample. The error bars indicate the difference in « () between
Ko = 0.46 £ 0.2%. The NMR spectrum of the 4.0-nm sample is
represented by the red curve.

Here, kg is the Boltzmann constant, 7 is the reduced Planck
constant, and y, and y, are the gyromagnetic ratios of the
electron and '*>Pt nucleus, respectively. « () is a physical
quantity, reflecting the magnetic correlations of the system
and originating from the many-body effect. This is a unit
for a metal in which electron correlations can be neglected
but is much smaller (larger) than unity when ferromagnetic
(antiferromagnetic) correlations become significant [16]. To
estimate «(«), we must determine Kgin, as the observed
Knight shift is the sum of the spin and orbital contributions,
that is, K = Kpin + Ko Based on the work by Rhodes et al.
[13], the shift of the peak of the nonmetallic H,Pt(OH)g was
used: K, = 0.46%. Further, « (o) was evaluated as shown
in Fig. 2(b). Similar to that of the bulk, « () of the interior
region is much smaller than unity and increases noticeably
from the interior to the surface regions, implying that the
electronic correlations differ from the interior to the surface.
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FIG. 3. Temperature dependence of 1/7; of the 4.0-nm sample.
At low temperatures, 1/Tigq,) is the shortest (longest) component.
The solid lines correspond to the values calculated using a BPP
model (see text). Inset: The arrows represent the peak positions
where 1/7; was measured. The colors of the arrows are the same
as those in Figs. 1 and 2: black and red correspond to signals from
the surface and interior of the nanoparticles, respectively.

The magnetic properties in the interior region are similar to
those of the bulk Pt, with the electronic correlation becoming
weaker with a decrease in the local DOS of the d electron near
the surface.

Although the value of «(«) that is larger than unity at
the surface might include an ambiguity, the larger value of
k(o) of the surface region suggests that the spin correlation
might be antiferromagnetic. The electronic correlations for
one particle seem to be widely distributed; however, the
electron correlations were well determined according to the
local DOS of the 5d electrons in Pt.

Next, we discuss the low-temperature range, in which
anomalous behaviors in 1/7; were observed. Figure 3 shows
the temperature dependence of 1/7; of the 4.0-nm nanoparti-
cle sample. The value of 1/7; for both the interior and surface
regions exhibited metallic behavior down to 20 K. Surpris-
ingly, 1/T; for both the regions rapidly increased below 20 K,
reached a maximum at approximately 3 K, and then decreased
sharply. The recovery curves of the nuclear magnetization
exhibit multicomponent behavior below 4 K. Thus, the fastest
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FIG. 4. Temperature dependence of 1/7; of each sample, mea-
sured at K ~ —3% and the same magnetic field of 2.84 T. The yellow
%, red ¢, green A, blue @, and black x symbols show the 1/T;
results obtained with the 2.5-, 4.0-, 7.6-, and 9.8-nm nanoparticles
and bulk samples, respectively. The solid and open symbols show
the fastest and slowest components, respectively, for the 2.5-, 4.0-,
and 7.6-nm samples. In addition, the arrows show the characteristic
temperature 7 of the anomaly. The solid and dotted lines are guides
showing the related data. Inset: Characteristic temperature 7*, where
1/T; deviates from the metallic behavior (represented by the arrows
in the main figure). The horizontal axis shows the inverse of the mean
particle diameters d of the nanoparticles. The calculated value (gray
%) was obtained from & /kg = [ksND(ep)]™".

and slowest components of 1/7} are shown in Fig. 3. Although
the 1/7; values of the interior and surface regions differ, the
enhancement behavior of 1/7; is relatively similar between
these two regions. Therefore, this anomalous enhancement
can be said to be a result of other than a surface effect and
is independent of the local DOS of the 5d electrons for the
electronic correlations. Although this anomalous behavior is
reminiscent of the magnetic ordering, no appreciable broad-
ening was observed in the NMR spectra down to 1.5 K; thus,
this possibility can be excluded.

Alternatively, we considered that this anomalous behavior
may be related to the sample size, and thus investigated the
diameter dependence of 1/7} in four nanoparticle samples
with different diameters. Figure 4 shows the temperature
dependence of 1/77 of the four samples. In the metallic
range, 1/7; was almost independent of the size; however, the

broad maximum behavior was observed in all the samples at
different temperatures. The anomalous temperatures, below
which 1/T; starts to be enhanced, increase in those samples
with a smaller diameter. Thus, we regarded the temperatures
at which 1/T; deviates from the metallic behavior (indi-
cated by arrows in Fig. 4) to be the characteristic temper-
ature T* of this anomaly, and plotted the size dependence
of this characteristic temperature, as shown in the inset in
Fig. 4. The figure also plots the energy-gap temperatures
predicted by the Kubo theory, in which we used the relation-
ship of Tkubo = Skubo/ks = [ksND(ep)]™" [1]. D(ep)(=0.853
states/eV /atom/spin [17]) is the DOS of the bulk Pt, and N is
the number of atoms in each sample size of nanoparticles with
integer shells. The characteristic temperatures are in good
agreement with the gap temperature estimated using the Kubo
theory [1].

In contrast to the remarkable anomalies in 1/7;, we ob-
served no appreciable spectrum change for the Pt nanoparti-
cles at low temperatures. Several studies [5,18] have reported
that, for Li and Cu nanoparticles, the Knight shift, and thus
the spin susceptibility, decreases at low temperatures. The
unchanged spin susceptibility of Pt nanoparticles could be
a result of the strong spin-orbit coupling, which suppresses
the Kubo effect on magnetic susceptibility [4]. In contrast, as
described earlier, a clear anomaly is observed in the temper-
ature dependence of 1/7;, which is related to the electronic
spin dynamics originating from Jdxype, as spin-orbit coupling
generally does not suppress the electron dynamics.

The enhanced behavior of 1/7} can be well interpreted by
the Bloembergen-Purcell-Pound (BPP) model [19,20]. In this
model, the nuclear spin-lattice relaxation is determined by the
two-energy level hopping of an electron with the correlation
time 7, and 1/7) is expressed as

1 2(V?)
T 1T+ () (1)
1 n

where (V2) ~ ((A8S/hi)*) is a parameter reflecting the
strength of the coupling between the nuclear and electronic
spins, like hyperfine coupling, and w, is the NMR resonance
frequency. The solid lines in Fig. 3 correspond to the fitting
of the BPP model with the correlation time following the
Arrhenius relation, T = 19exp(A/kgT ). It is not a problem
that this model does not explain the behavior in the metallic
range, because the BPP model can be effective only for a
temperature range that is sufficiently below the gap size, as
only two levels are considered. The parameters used for these
are 1/79 = 8.0 (1/ns), (V?) = 1911 x w, (1/s), and A /kg =
9.6 K for the surface region, and 1/79 = 6.1 (1/ns), (V?) =
4042 x wy, (1/s), and A/kg = 10 K for the interior region.
Although the smaller (V?) than the Pt metallic hyperfine
coupling constant has yet to be explained, it is quite interesting
that the gap size A estimated with the BPP model is almost the
same as the mean energy gap predicted by the Kubo theory.
This also suggests the presence of the gap at low temperatures,
which is related to the QSE.

As 1/T; possibly shows a gap behavior for 1/7] o e™
which is far below T < dkupo/ks, the electronic state at
low temperatures would be insulating. Thus, Sgubo/ks may
be regarded as being a kind of metal-insulator transition

8/ksT
b
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temperature for the nanoparticles and is tunable according to
the nanoparticle diameter. To thoroughly clarify the electronic
state at low temperatures, transport measurements using opti-
cal probes [21] have been planned.

In this study, we performed NMR measurements on Pt
nanoparticles of various diameters to investigate the electronic
states of nanoparticles of d-electron systems. Surface-interior
separation was performed, and the difference between the
electron correlations of two regions (interior and surface) was
clearly shown. We clarified the anomalous 1/7; behavior at
low temperatures originating from the Kubo gap induced by
the QSE; this behavior depends on the nanoparticle diameter

and is observed over the entire region of one nanoparticle.
The 1/T; behavior at low temperatures suggests the occur-
rence of a size-tunable metal-insulator transition induced by
the QSE.
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