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Robust metal-insulator transition despite surface dead-layer growth in sub-10-nm
Cr-doped V2O3 nanocrystals
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We investigated the size dependence of the metal-insulator transition (MIT) in Cr-doped V2O3 nanocrystals
by photoemission spectroscopy using complementary probing depths, together with magnetic susceptibility
measurements. Photoemission spectra show that MIT signatures persist down to an average particle size of
5.6 nm, and magnetic susceptibility measurements exhibit a nearly size-invariant transition onset. The contrast
between surface-sensitive and deeper-probing photoemission spectra reveals that the transition survives in the
nanocrystal interior. At the same time, the spectra indicate a systematic suppression of coherent quasiparticle
weight with decreasing size, pointing to the growth of an insulating surface dead layer. These results demonstrate
that nanoscaling does not intrinsically eliminate the MIT itself, but progressively enhances the influence of
surface-driven insulating behavior, thereby providing insight into the practical limits of miniaturizing Mott-based
devices.

DOI: 10.1103/9g6w-r9sc

I. INTRODUCTION

Phase transitions in correlated electron systems have
attracted broad interest because of their relevance to funda-
mental physics and emerging technologies [1]. In particular,
understanding how these transitions evolve at the nanoscale
is crucial for both theory and device applications [2]. The
influence of particle size on phase transitions has been exten-
sively studied in magnetism [3,4]. In magnetic nanoparticles,
the transition temperature generally decreases for smaller
particle sizes, a trend commonly attributed to the increas-
ing fraction of undercoordinated surface atoms that weakens
exchange interactions. Such behavior is often rationalized
by cohesive-energy-based models and exemplifies a broader
class of surface-driven size effects in nanoscale systems [3,4].

Whether an analogous picture holds for the metal-insulator
transition (MIT) is much less clear. The MIT is rooted in elec-
tronic correlation and band filling [5–7], and is not determined
solely by local coordination effects at the surface, although
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reduced coordination at the surface can itself locally enhance
correlation effects. Furthermore, in many cases, the transition
is first order and involves coupled electronic, magnetic, and
structural degrees of freedom [5–7]. Its size dependence is
therefore not expected to be universal and may vary from ma-
terial to material depending on which degree of freedom plays
the dominant role. Despite these considerations, experimental
studies on the size dependence of the MIT remain scarce.

From a theoretical perspective, the intrinsic criterion for
a Mott transition is set primarily by bulk electronic parame-
ters. In the classical Mott picture, the transition boundary is
governed by the carrier density and the effective Bohr radius
[5–7]. A doublon-holon picture offers a more microscopic
view in which the relevant scale emerges from electronic
correlation [8]. These viewpoints suggest that the MIT itself
need not disappear simply because the system size is reduced.
At the same time, however, strong correlation can be enhanced
near a surface, where reduced coordination modifies the lo-
cal electronic environment. In correlated oxides, this effect
can produce an insulating surface “dead layer” [9]. Thus, in
nanoscale Mott systems, size reduction raises two distinct but
closely related questions: whether the transition in the particle
interior remains intrinsically robust, and how the increasing
surface fraction influences the overall electronic behavior.

V2O3 is a prototypical Mott system that exhibits a first-
order MIT accompanied by antiferromagnetic and structural
transitions in the bulk [5–7]. Our previous studies on V2O3
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FIG. 1. TEM images for Cr-doped V2O3 NCs with average sizes of (a) 21.8 ± 3.8 nm, (b) 7.7 ± 2.1 nm, and (c) 5.6 ± 2.0 nm.
(d) Synchrotron XRD pattern of the 5.6 nm sample with Rietveld refinement confirming the corundum structure.

nanocrystals (NCs) showed that the MIT is suppressed in
undoped particles at sizes of ∼20 nm and above, whereas
impurity doping such as Cr or Ti allows the transition to
persist [10–12]. It remains unknown, however, whether the
transition can still survive at particle sizes below ∼10 nm.
Meanwhile, photoemission studies have shown that V2O3

possesses an insulating surface layer whose thickness reaches
several nanometers [13], consistent with the general theoret-
ical expectation of enhanced correlation at a surface [9]. For
sub-10-nm NCs, this length scale becomes comparable to the
particle size itself. Therefore, determining whether the MIT
is truly suppressed by size reduction or instead survives in the
particle interior despite the growing influence of the insulating
surface region is a central issue for understanding size effects
in Mott NCs and for assessing the scalability of Mott-based
devices [14–16].

Here, we investigate Cr-doped V2O3 NCs down to 5.6 nm
by photoemission spectroscopy using two complementary
probing depths, together with magnetic susceptibility mea-
surements. This approach allows us to distinguish the
behavior of the NC interior from that of the near-surface
region. Our results reveal that the MIT survives in the NC
interior, while the insulating surface dead layer thickens with
decreasing size.

II. EXPERIMENT

Cr-doped V2O3 NCs were prepared using a two-step
solution-based synthesis consisting of a sealed solvothermal
treatment followed by high-temperature decomposition, while
larger particles were subsequently obtained by an additional
postsynthesis treatment. V(III) acetylacetonate and Cr(III)
acetylacetonate were used as metal precursors, with their
amounts adjusted to yield a V-to-Cr molar ratio of approxi-
mately 0.99:0.01 (Cr ∼ 1%) in the resulting V2O3 NCs. The
precursors (1.5 mmol in total) were dissolved in oleylamine
(15 ml) and oleic acid (15 ml) containing 1,2-dodecanediol
(7.5 g). The mixture was heated to 140 ◦C for 2 h in a Teflon-
lined autoclave. After cooling, the solution was transferred to
a three-neck flask and heated to 300 ◦C for 10 min under N2

flow.
NCs with average sizes of 5.6 ± 2.0 nm [Fig. 1(c)] and

7.7 ± 2.1 nm [Fig. 1(b)], as determined by transmission
electron microscopy (TEM), were obtained under identical
heating conditions. The size difference was controlled by the

subsequent cooling process: The former sample was rapidly
cooled using a stream of cool air, whereas the latter was
allowed to cool naturally to room temperature. Both samples
were then washed with hexane and alcohol solvents. A portion
of the 5.6 nm sample was subsequently treated in a Teflon-
lined autoclave with oleylamine (10 ml) and oleic acid (10
ml) at 120 ◦C for 5 h, yielding NCs with an average size of
21.8 ± 3.8 nm [Fig. 1(a)] after similar washing.

Figures 1(a)–1(c) show TEM images of NCs. The largest
sample (21.8 nm) exhibits clear faceting, indicative of par-
ticle coalescence during the postsynthesis annealing. Similar
facet development has been reported for V-doped ZnO NCs
and CoO NCs in our earlier studies [17,18], suggesting a
common mechanism driven by surface energy minimization.
Synchrotron x-ray diffraction (XRD) was performed at room
temperature at BL12B2 of SPring-8 using an incident wave-
length of 0.6889 Å, and the data were analyzed by Rietveld
refinement with RIETAN-FP [19]. The XRD pattern of the
smallest sample [Fig. 1(d)] confirms that the corundum struc-
ture [5–7] is preserved even at 5.6 nm.

DC magnetization was measured at 5000 Oe using a
superconducting quantum interference device magnetometer
(magnetic property measurement system, Quantum Design).

Hard x-ray photoelectron spectroscopy (HAXPES) and
soft x-ray photoelectron spectroscopy (SXPES) were per-
formed at BL12XU of SPring-8 (hν = 6516 eV) and BL13
of SAGA-LS (hν = 530 eV), respectively. The inelastic mean
free paths were estimated by applying the Tanuma-Powell-
Penn TPP-2M equation directly to V2O3, using its density,
molecular weight, and number of valence electrons per for-
mula unit [20,21]. The relativistic TPP-2M calculation yielded
approximately 8.84 and 1.25 nm for HAXPES and SXPES,
respectively [21], whereas the corresponding nonrelativistic
values were 8.98 and 1.25 nm [20]. These values are used
as approximate measures of the characteristic depth sensitiv-
ities rather than as precise information depths. The energy
resolution was about 300 meV in both cases. Measurements
were made during warming after cooling to ∼10 K (SXPES)
and ∼80 K (HAXPES). The measurement geometries were
(θ ; φ) = (90◦; 90◦) for HAXPES and (45◦; 180◦) for SXPES,
where θ and φ are defined using the photon polarization,
photon propagation, and photoelectron emission directions
[22]. For these geometries, the relative atomic photoionization
cross sections calculated for elemental V and O, V 3d:V
4s:O 2p, are approximately 1:0.36:0.86 for HAXPES and
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FIG. 2. Temperature-dependent magnetic susceptibility of Cr-
doped V2O3 NCs with sizes of 5.6, 7.7, and 21.8 nm. Warming
curves exhibit a clear increase near 155 K, indicative of the
antiferromagnetic-to-paramagnetic transition.

1:0.63:0.43 for SXPES [22,23]. Because the valence-band
states within approximately 3 eV of the Fermi level (EF)
are predominantly derived from V 3d orbitals [24], the low-
energy spectra under both conditions are dominated by V 3d
spectral weight. The valence-band spectra were normalized to
the maximum intensity of the V 3d-derived lower Hubbard
band feature in the 1–1.5 eV binding-energy range.

NC samples were drop cast onto highly oriented pyrolytic
graphite substrates, followed by removal of the insulating
organic ligands using a Meerwein reagent [25]. No electro-
chemical or postdeposition thermal treatment was applied.
The absence of a charging-induced rigid shift in all spec-
tra down to the lowest measurement temperatures indicates
sufficient removal of the insulating organic ligands to en-
sure electrical conduction through the NC films. Any residual
ligand-derived molecular-orbital features are expected above
approximately 6 eV binding energy and therefore do not over-
lap the low-energy valence-band region analyzed here [26].

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

Figure 2 shows the temperature-dependent magnetic sus-
ceptibility of Cr-doped V2O3 NCs. Because the transition
is first order, cooling and warming curves exhibit hysteresis
arising from a nucleation barrier between the old and new
phases [27]. We focus on the warming curves below be-
cause thermal activation reduces the influence of this barrier
and provides a better approximation to the intrinsic tran-
sition temperature. All samples show a clear increase in
susceptibility near 155 K during warming, indicative of the
antiferromagnetic-to-paramagnetic transition, as established
in bulk V2O3 [5–7]. This nearly size-invariant transition tem-
perature contrasts with the well-known tendency for magnetic
transition temperatures to decrease as the particle size is re-
duced [3,4], suggesting that the magnetic transition in these
NCs is not independently controlled by particle size but is
instead driven by another coupled transition, most likely the
MIT, as supported by the photoemission results discussed
below.

A hysteresis width of several tens of kelvin is typical
of first-order transitions in nanoscale systems and is often
associated with the scarcity of extended defects that would
otherwise facilitate nucleation of the new phase [28]. In
high-quality NCs, the absence of such defects suppresses nu-
cleation and can broaden the hysteresis, as previously reported
for CdSe NCs [29], VO2 nanoparticles [28], or V2O3 NCs
[11,12]. Cr doping also promotes the transition, in contrast to
undoped V2O3 NCs of comparable size, where it is completely
suppressed [11]. The susceptibility of the 21.8 nm sample is
unexpectedly higher than that of the smaller NCs, possibly
reflecting structural evolution such as facet formation. A mi-
nor increase in susceptibility between 45 and 80 K is also
observed; while residual oxygen in the SQUID chamber may
contribute, an intrinsic origin cannot be ruled out.

B. HAXPES and SXPES

Figure 3 summarizes the photoemission results for the
21.8 nm sample. Figure 3(a) shows surface-sensitive SXPES
valence-band spectra. At 90 and 130 K, the intensity near EF

is strongly suppressed, indicating an insulating phase with an
opened gap. At 170 and 200 K, the spectral weight at EF

increases and a shoulder feature associated with the quasipar-
ticle (QP) emerges, signaling the metallic phase [24,30,31].

Figure 3(b) shows deeper-probing HAXPES valence-band
spectra at 80 and 200 K. The 80 K spectrum is insulating-
like but retains slight intensity near EF, possibly because
the gap does not fully open at this temperature. At 200 K,
a pronounced QP peak appears, consistent with bulk V2O3

[24,30,31]. Compared with SXPES, the deeper probing in
HAXPES enhances the metallic spectral weight from the NC
interior, supporting the presence of an insulating surface layer
(dead layer), consistent with previous photoemission studies
on bulk V2O3 [13,30].

Figure 3(c) shows the wide-range core-level spectrum in-
cluding the V 2p and O 1s regions, while Fig. 3(d) enlarges
the V 2p3/2 region. The V 2p spectra have intrinsically com-
plex and asymmetric line shapes that are similar to those
observed in bulk V2O3 [31]. Calculations combining the local-
density approximation with dynamical mean-field theory for
V2O3 have reproduced the broad V 2p main-line structures
and their multiple shoulders in terms of local and nonlocal
screening channels involving the low-energy V 3d states [32].
In Fig. 3(c), the low-binding-energy features near 512.5 and
520.5 eV appear at 200 K and are strongly suppressed at
80 K. Their temperature dependence is consistent with the es-
tablished relationship between low-binding-energy core-level
screening and the coherent quasiparticle response in metallic
V2O3 [31]. These core-level changes indicate that itinerant-
electron screening is already strongly suppressed at 80 K, even
though the valence-band spectrum still retains slight intensity
near EF.

Figures 4 and 5 summarize the photoemission results for
the 7.7 and 5.6 nm samples, respectively. In both cases,
SXPES valence-band spectra exhibit strongly suppressed in-
tensity near EF with only minimal temperature-dependent
change, indicating that the near-surface region remains pre-
dominantly insulating. The suppression is stronger in the
5.6 nm sample, where no clear shoulder is observed even
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FIG. 3. Photoemission spectra of the 21.8 nm sample. (a) SXPES valence-band spectra showing temperature-induced changes, including
the emergence of a shoulder feature near EF above 170 K. (b) HAXPES spectra revealing a clear metallic response at 200 K. (c), (d) V 2p and
O 1s core-level spectra, which exhibit temperature-dependent changes consistent with the MIT.

at 220 K, suggesting that the region probed by SXPES lies
entirely within the insulating surface layer.

The deeper-probing HAXPES spectra nonetheless retain
weak MIT signatures in both sub-10-nm samples. For 7.7 nm
NCs, the 200 K spectrum exhibits a shoulder near EF without
developing a distinct QP peak, indicating that the NC interior
still undergoes an MIT despite strong surface suppression.
For 5.6 nm NCs, the corresponding spectral change is even
smaller, but a finite increase in spectral weight near EF re-
mains detectable at 200 K, implying that an electronically
active core still survives at this extreme size.

The core-level spectra are consistent with this trend.
In the 7.7 nm sample, the V 2p3/2 region exhibits a
small temperature-dependent change between 80 and 200 K,
whereas in the 5.6 nm sample the corresponding change be-
comes extremely weak. Together, these results show that MIT
signatures persist below 10 nm, while the insulating surface
contribution grows rapidly with decreasing size.

C. Discussion

Our results demonstrate that reducing the particle size
in Cr-doped V2O3 NCs does not eliminate the MIT, but

progressively enhances the influence of the insulating sur-
face region on the photoemission response. The 5.6 nm
sample provides the clearest example: Surface-sensitive SX-
PES remains insulatinglike over the entire temperature range,
whereas the more deeply probing HAXPES still exhibits a
finite increase in spectral weight near EF at 200 K. Together
with the size-invariant magnetic transition near 155 K (Fig. 2),
these results indicate that the intrinsic transition survives even
at this scale, although its observable spectral signature is in-
creasingly masked by the insulating surface region.

The nearly size-invariant transition temperature is in stark
contrast to the strong size dependence commonly observed
for magnetic transitions [3,4], but is consistent with the view
that the transition is driven primarily by electronic corre-
lation within the NC interior. According to the classical
Mott criterion, the critical boundary satisfies n1/3aB ≈ 0.25
[5–7], where n is the carrier density and aB is the effective
Bohr radius of the carriers. This shows that the occurrence
of the MIT is determined by the average carrier spacing and
the characteristic spatial extent of the carrier wave function,
the latter being closely related to electronic correlation. A
doublon-holon picture emphasizes that the transition occurs
when the doublon-holon binding length becomes comparable
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FIG. 4. Photoemission spectra of the 7.7 nm sample. (a) SXPES valence-band spectra showing minimal temperature-induced changes
across the measured range. (b) HAXPES spectra reveal a metallic response at 200 K despite strong surface suppression. (c), (d) V 2p and O 1s
core-level spectra exhibit small but discernible changes between 80 and 200 K, consistent with a weakened MIT signature.

to the minimum doublon-doublon (holon-holon) separation,
both set by the strength of electronic correlation [8]. Within
these frameworks, simple size reduction does not necessarily
eliminate the MIT itself.

However, at the same time, reduced coordination and
weakened screening at the surface strengthen electronic cor-
relation in the near-surface region and promote the formation
of an insulating surface layer (dead layer) [9,13], an intrin-
sic consequence of having a surface in strongly correlated
systems such as V2O3 and therefore an unavoidable feature.
Here, the dead layer denotes a near-surface region in which
the coherent QP weight is progressively suppressed toward the
surface, rather than a layer separated from the metallic interior
by an atomically sharp interface [9]. In the 21.8 nm sample,
the SXPES valence-band spectrum shows a QP feature only as
a shoulder near EF, whereas bulk V2O3 has a clear QP peak at
similar photon energies [30]. This contrast indicates that even
at 21.8 nm the insulating surface layer is thicker than in bulk,
as evidenced by the known excitation-energy dependence in
bulk V2O3, where the QP reduces to a shoulder only at much
lower photon energies (e.g., 60 eV) [30]. The progressive
weakening of the QP feature in the 7.7 and 5.6 nm samples

further indicates that the insulating surface layer becomes
thicker as particle size decreases.

One possible explanation for this thickening is suggested
by the surface-correlation picture of Borghi et al. [9]. In that
work, increasing the local electron-electron repulsion U at
the surface to a value corresponding to the insulating state
suppresses the QP not only exactly at the surface but also
over a finite depth below it, implying that surface-enhanced
correlation propagates into the interior over a characteris-
tic length scale. In NCs, where the surfaces acquire finite
curvature, an interior point can be influenced by a broader
surrounding portion of the surface than in a flat geometry. This
geometrical effect could extend the region over which the QP
is suppressed, leading to an effective thickening of the dead
layer. In addition, the increased curvature of small NCs may
increase the density of step- and edgelike sites associated with
stronger undercoordination, which could further enhance the
local surface U and reinforce the dead-layer expansion.

The 5.6 nm NCs further allow an estimate of the char-
acteristic sizes of both the insulating surface dead layer and
the electronically active core. Because the estimated SXPES
inelastic mean free path is approximately 1.25 nm [21] and the
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FIG. 5. Photoemission spectra of the 5.6 nm sample. (a) SXPES valence-band spectra remain insulatinglike across all temperatures,
indicating that the probed region is entirely within the insulating surface layer. (b) HAXPES spectra show a slight increase in spectral weight
near EF at 200 K, suggesting that the NC interior undergoes an MIT even at this extreme size. (c), (d) V 2p and O 1s core-level spectra exhibit
subtle changes between 80 and 200 K, consistent with the persistence of the MIT in the NC interior.

corresponding spectra remain insulatinglike even at 220 K, the
dead layer must extend at least across the near-surface region
sampled by SXPES. At the same time, the observation of a
weak metallic response in HAXPES at 200 K indicates that an
electronically active core still remains. Taking into account the
particle-size distribution of 5.6 ± 2.0 nm, these observations
suggest that the dead-layer thickness is on the scale of a few
nanometers. This, in turn, indicates that a core region on the
scale of a few nanometers is sufficient to sustain the MIT,
although the transition may remain operative even for smaller
cores.

Although a dead-layer thickness of about 4 nm was
previously inferred for bulk V2O3 from angular-dependent
photoemission [13], that value likely overestimates the effec-
tive thickness relevant to the present NCs. This may be related
to the strong sensitivity of QP suppression to local surface
morphology in bulk photoemission spectra [30].

Figure 6 schematically summarizes this interpretation in
terms of an insulating surface dead layer surrounding a metal-
lic core that undergoes the MIT. The NCs are represented as
spheres for simplicity because the TEM images in Fig. 1 show
no indication of strongly anisotropic rodlike or plateletlike
morphologies. As the particle size decreases, the surface dead

layer thickens, progressively restricting the metallic region to
a smaller core and suppressing the coherent QP contribution
to the photoemission spectra. This picture provides a useful
framework for understanding the practical limits of miniatur-
izing Mott-based devices.

Metallic
phase

M M

Surface dead layer

5.6 nm 7.7 nm 21.8 nm

FIG. 6. Schematic illustration of an insulating surface dead layer
surrounding a metallic interior in Cr-doped V2O3 NCs. The color
gradient represents a gradual variation of the coherent QP weight. As
size decreases, the insulating layer thickens and strongly influences
both surface-sensitive and deeper-probing photoemission spectra.
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IV. CONCLUSION

In summary, photoemission and magnetic susceptibility
measurements on Cr-doped V2O3 NCs reveal that the MIT
persists down to an average particle size of 5.6 nm, even
though the insulating surface dead layer becomes thicker with
decreasing size. These results show that nanoscaling does
not intrinsically eliminate the MIT itself, but instead progres-
sively restricts it to a smaller active core as the surface dead
layer grows. The present results suggest that the fundamental
particle size limit for sustaining the MIT is around 5 nm,
whereas the practical limit for electronic device operation
is likely larger because the electronically active core in this
size range may become too small to yield a sufficiently large
conductance change.
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