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Pressure-induced first-order phase transition often involves spatial disruption around the nucleus of a new
phase, due to the inherent volume change. Atomic relaxations during this process produce lattice strain that
in turn affects the nucleation kinetics and dynamics of transition, especially in nanoparticles. However, it is
difficult to experimentally measure the lattice strain of materials, leading to many unsettled questions regarding
size-dependent phenomena in nanomaterials at pressure. Here we present a method to determine the lattice strain
of nanoparticles during first-order phase transitions using the pressure-volume data. A case study of nano-Ho, O3
with multiple pressure-induced phase transitions is systematically performed to reveal the critical role of lattice
strain in the size-dependent phase selection and amorphization. A phenomenological model is also given to
describe the metastability of intermediate phases and size-tunable phase evolution during the nucleation of new

phases at pressure.
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I. INTRODUCTION

Studies of the first-order phase transition in nanocrystalline
materials at pressure (P) have discovered many unprecedented
phenomena and numerous new phases [1—4]. In a microscopic
view, the first-order structural transition at pressure proceeds
via a nucleation mechanism by which small nuclei of a new
phase form under given conditions, but unless their sizes
exceed a critical value (i.e., critical nucleus) they tend to
dissolve rather than grow [5-10]. The critical nucleus size
for most materials is a few to tens of nanometers [9,11,12],
indicating that, in small nanocrystals, the phase transition
may be completely retarded because of the confined volume
that does not allow forming stable nuclei [11]. Although this
simple picture is seemingly effective in explaining pressure-
induced amorphization in ultrafine nanoparticles [11,13],
interpretations for size-tunable phenomena associated with
pressure-induced first-order phase transitions still remain am-
biguous, including phase selection [14,15], phase stability
enhancement [3,12,16], nucleation dynamics [11,17], and lat-
tice anomalies [18-20].

By introducing surface energy (or surface tension) into
the conventional thermodynamic models, only heuristic ex-
planations on some size-dependent behaviors have been
achieved, such as the proposed 1/r drop-off in transition
pressure [16,21] and the surface-modification-induced phase
selection at pressure [14,22,23]. In fact, these models would
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be more suitable for small nanoparticles with a crystallite
size close to that of a critical nucleus of the high-P new
phase, because the interfacial surface of the nucleus would
largely overlap with the nanoparticle’s surface shell and the
surface tension can immediately exert the nucleus to govern
the thermodynamics and kinetics of nucleation. However, for
larger nanoparticles, the relatively small nuclei are formed
within each nanoparticle and the nucleation kinetics is pri-
marily determined by the interfacial surface, rather than
the nanoparticle’s surface shell. Thus, the surface effect on
nucleation may not work in a straightforward manner, call-
ing into question the adequacy of conventional models for
nanomaterials.

A prominent feature of pressure-induced first-order phase
transitions is the volume reduction (i.e., volume disconti-
nuity), a disruptive process that induces complex atomic
relaxations and motions as collectively manifested by lat-
tice strain [10,24]. Lattices of both the involved low-P and
high-P phases are slightly expanded relative to their equi-
librium states, resembling the tensile-like macrostrain (only
the compression process is considered for simplicity). Such
defined strain represents an average displacement of atoms
from their equilibrium positions. The strain is energetically
unfavorable for phase transition and partially contributes to
the transition hysteresis. In contrast to the bulk counterpart,
the nanoparticle has a limited number of atoms involved in the
relaxation process, resulting in a dramatic increase of lattice
deformation. By means of the deformation, the surface tension
can also be transmitted to nuclei by surface relaxations during
transition, because the surface shell is highly strained and its
relaxation will modify the strain state of nuclei. Remarkably,

©2021 American Physical Society


https://orcid.org/0000-0003-1873-5083
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.L140103&domain=pdf&date_stamp=2021-04-15
https://doi.org/10.1103/PhysRevB.103.L140103

XIAOZHI YAN et al.

PHYSICAL REVIEW B 103, L140103 (2021)

(b ( l

Shell
(d)
T
0]
S
=)
> :
T IS
i AV,
5 |
-] BVB\
B phase

Pressure —

FIG. 1. Origin of lattice strain. (a) Formation of a single 8 nu-
cleus within the parent o matrix in ideal equilibrium states without
involving strain. A void layer corresponds to the volume reduction.
(b) Relaxing lattices of both phases to produce strain (gradient color).
(c) Reduced nanoparticle with a larger critical nucleus. The black
bold lines and black dashed lines in (a)—(c) denote the surface shell
and interfacial surface, respectively. (d) P-V data for both phases.
The solid and dashed lines denote the observed trend lines and
equilibrium P-V lines defined by their EoS, respectively.

the lattice strain is a secret ingredient linking to the surface
tension and is crucial for understanding the dynamics and
kinetics of nucleation. However, the influence of lattice strain
on phase transition in nanocrystals has not been adequately
addressed because of experimental difficulties in quantifying
the strain effect, which has led to many ambiguities in this
research field.

To assess the lattice strain of a pressure-induced first-
order transition, a protocol is established in Fig. 1. Schematic
diagrams of nucleating 8 phase within parent « matrix in
Figs. 1(a)-1(c) illustrate the origin of strain, assuming that
both phases are in spherical shapes and the transition proceeds
through nucleation of a single nucleus for simplicity. Because
the nanoparticle’s core is often nearly defect free [25,26], the
B nucleus is preferably formed via a homogeneous nucleation.
In an ideal equilibrium process of transformation [Fig. 1(a)],
nucleating B in the o phase would produce a void space
between them, due to the volume reduction. As such, the sys-
tem becomes unstable and the relaxations of atoms generate
lattice strain in both phases [Fig. 1(b)]. Besides, reducing the
nanoparticle size increases the thus-produced strain, hence
an increase of the critical nucleus size [Fig. 1(c)] [11,27]. A
strategy for deriving the strain from pressure- Volume P-V)

data is shown in Fig. 1(d). A volume reduction, Vo — Al

is expected, where V, and Vg are their cell v‘g)lumes ‘a/md
AVpg, represents the volume difference. In the phase coex-
isting region, the volumes deviate from their respective P-V
curves as denoted with §V,, and §V;.

Considering 8 has a volume of nVg, the strain stored in

both phases can be quantified by strain energy densities of
AE, = %‘fﬂvﬂ) and AEg = = ("‘Wﬁ ) [24], respectively, where

m and n represent numbers of unit cells for the formed 8 and
the remaining «. The total strain energy density (AEg,) of the
system is

PV PV
1—n Vi 78

where n denotes the volume fraction of « phase (thus,
’,’l"‘f; = ﬁ). However, for the B phase, its volume deviation
is difficult to determine because the phase fraction is often
not sufficient for a reliable measurement. Instead, AEg can be
calculated by analysis of «, provided that pressures on both
phases is identical. Accordingly, the volume deviation of 8

can be calculated by

AEﬂa = AE, + AEﬁ =

ey

Bg— V = APy = AP, = P — Peac, 2)
B

where AP, and APy denote pressure changes, and P and Py
are pressures determined using a marker and calculated using
the equation of state (EoS) of « phase, respectively. Bulk
modulus (Bg) of B is derived from its P-V data [Fig. 1(d)]. To
explore the strain effect on phase transition in nanomaterials,
a case study of nano-Ho,O; with pressure-induced multi-
ple phase transitions is performed to examine size-dependent
phase evolution. Experimental details are given in the
Supplemental Material [28].

II. RESULTS AND DISCUSSION

Similar to most rare-earth sesquioxides [29], Ho,O3 has
three known structural modifications: cubic, monoclinic, and
hexagonal phases [Fig. 2(a)] [30,31], denoted hereinafter as
o, B, and y, respectively. The o and y phases are six- and
sevenfold coordinated, respectively, while the intermediate
B has a mixed coordination (Fig. S2). In the bulk sample
[Fig. 2(b)], the «— B and B— y transitions start ~10.3 and
14.9 GPa, respectively, which agree well with high-P Ra-
man measurements (Fig. S3). Both the high-P phases can
coexist up to 38.6 GPa (Fig. S4 and Table S1), consistent
with earlier reports [30]. Such a structural transition sequence
can be interpreted in terms of the Peierls distortion asso-
ciated with bond reorderings [Fig. 2(a)], similar to what
occurred in many binary semiconductors (e.g., CdSe) [9,32].
Apparently, pressure drives the system toward more ordered
structures.

In nanoparticles, the o—f transition is suppressed
[Figs. 2(c)-2(d)], mainly because the nucleation can be kineti-
cally hindered in the confined volume of small grains. Instead,
y-Ho,0; formed directly from o phase with the absence
of intermediate B. As the particle size is reduced from 43
to 14 nm, the onset pressure for the formation of y phase
increases from 12.4 to 14.8 GPa, demonstrating extended
stability of «-Ho,0j3. Similar size-dependent phase stability
was observed in other systems [3,12,16]. On the other hand,
y-Ho,03 occurred directly from « in nanoparticles at lower
pressures than that in the bulk sample (~14.9 GPa), which
can be explained by the Ostwald step rule [5,8,33-35], which
states the new phase often nucleates from a metastable inter-
mediate phase rather than its thermodynamically stable parent
phase to lower the kinetic barrier for the phase transition.
Thus, although B-Ho,03 is absent in nanoparticles, the y

L140103-2



STRAIN-DRIVEN STRUCTURAL SELECTION AND ...

PHYSICAL REVIEW B 103, L140103 (2021)

(@)

[ 20"
l P4

Monoclinic,

A A

»
Ny & ¢

Hexagonal, y
, A

Intensity (a.u.)

A SN
Lo

ot ~ ~
S g gl 1] ) AU
e bdl L9 9. 9.9.9.
A AR A Do W, v, v, V4
LANVED W\ N A S 7& Sy 4
e AY N1 |
,‘)\v“ N Ll\ ul\ ST Ljf ¢
APAPENP) P Vg
¢ c . V.. t
= araeT e a
Ho,05: 43 nm B (d) Ho,03: 14 nm

@ i3\ \= \S\2
N \S \o \& \N \o \x
R — =H M

Q

15
20 (deg)

20 25

1
15
20 (deg)

20 25 10 15 20
20 (deg)

25

FIG. 2. Structures and high-P x-ray diffraction (XRD) measurements. (a) Structures of Ho,O3 polymorphs. (b)—(d) High-P XRD patterns

for samples with different sizes.

phase would still preferably nucleate from 8 embryos as an
intermediate step [36—38]. Note that these 8 embryos can only
occur dynamically and hardly be probed by ordinary x-ray
diffraction (XRD) measurements; they may be in a cluster
form (B*) and structurally similar to that of 8 phase. As the
particle size decreases down to 14 nm [Fig. 2(d)], only a weak
101 peak of y-Ho,0; is identifiable (Fig. S5) and is fully
merged into a broad hump at 23.2 GPa [Figs. 2(d) and S6],
signaling a complete amorphization. The amorphous phase
can be preserved to ambient pressure, in contrast to that for
the bulk and 43-nm samples with 8-Ho,O3 as a recovered
product (Fig. S7), indicating complicated transition kinetics
during decompression.

The underlying mechanism of structural selection in nano-
Ho,03 during compression can be understood by considering
the strain effect. Figure 3(a) shows the P-V data derived from
those high-P XRD data. The volumes of « and 8 are normal-
ized to that of y-Ho,03 according to their molar volumes,
respectively. A large volume reduction, A“//ﬁ“ ~ —8.6%, is
observed for the «— B transition in the bulk sample, while

a smaller value of A“,;f £~ —1.4% for the B—y transition. In
the 43-nm sample, due to the absence of a 8 phase the direct
o— Y transition has a ~8.5% volume drop.

A close look at the P-V data of «-Ho,03 in Figs. 3(b)-3(c)
reveals volume deviations from their EoS trend lines, es-
pecially in nanocrystals, suggesting the strain is produced
during transition. Using Eq. (1), the total strain energy is
quantitatively calculated and shown in Fig. 3(d). In the bulk

sample, the strain energy is close to zero, except for a slight
increase during transition. Remarkably, the strain energy
in nanoparticles is substantially increased to ~6 kJ/mol and
~22 kJ/mol for the 43-nm and 14-nm samples, respectively,
which are comparable with enthalpy change during transition,
ie., AP - (—AVpgy) ~ 20 kJ/mol (the pressure overstep, AP,
can be estimated from transition hysteresis [9]). Unambigu-
ously, in nanoparticles the strain is large enough to influence
the nucleation of phase transition.

In fact, pressure-induced multiple phase transitions in ma-
terials are often concurrent in a narrow pressure range (e.g.,
Ho,03 in Fig. 2 and other systems [15,42]), suggesting their
nucleation processes are substantially overlapped. To properly
describe the phase evolution, we rewrite the activation energy,
AG, of the system involving nucleation of multiple phases
by

AG= Y AGji=AGpy+ AGyp+ AGey +---. (3)

Here AG;; (j=8, vy, &...;i=a, B, y, ...) denotes
the free energy change for each transition; assuming the
Ostwald step rule holds for the transition sequence so as
to lower the interfacial energy (o;;). New phases B, y,
and ¢ nucleate from the corresponding parent metastable
phases (or dynamically occurring embryos) with nucleus radii
denoted with rg, r,, and r,, respectively. These multiple
phase transitions are mutually correlated via their relative
nucleus sizes and interfacial energies. Thus, Eq. (3) can be
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FIG. 3. P-V data and strain energy density. (a) Observed P-V data. (b)-(c) P-V data for both the bulk and 14-nm «-Ho,03, respectively.
The solid black line in each panel represents a fit of low-P data to a Birch-Murnaghan EoS (Fig. S8 and Table S2) [30,39—41]. Magenta arrows
in (b) and (c) denote the onset of volume deviations. The case of 43-nm sample is presented in Fig. S9. In (a)—(c), the error bars are too small

to show. (d) Derived AEg, vs 1 (see Fig. S10 for AE, vs n).

specified as

AG =
$7r3(AUgy — T ASpo+ PAVpy — AEpy)+ 4715084
+ 37 (AUyp — TAS, g+ PAVyy — AE,p) +4nr 0,8

+ 377} (AU, — TASey + PAV,y, — AEyy)) + 47520,y (4)

For each transition, around its equilibrium transition pres-
sure (Pg), the changes in internal energy density (AUj;) and
entropy density (AS};) are negligible relative to those in strain
energy (AEj;) and work-done term (PAV};). Expanding each
that is bracketed in Eq. (4) to first order in (P—Pg) and
performing the maximization yields a critical diameter (i.e.,

dr =2ry),

d* ~ 40'j,'
I (P PY)(—AV;) — AEj;

(=8, v.i=0a,B,y).

(&)
The kinetic barrier height is
AG(d}) = {md oy, (6)

where (P—P]Qi) and AV); represent the pressure overstep re-
quired to drive phase transition and the volume reduction
(i.e., AV}; < 0), respectively; they are nearly constant regard-
less of the particle size. The strain energy (AEj;) increases
with reducing size, leading to rapid increases in both d

and AG7;. Apparently, the surface tension of a nanoparticle
is not included in Eq. (4), but it can be transmitted by lat-
tice relaxations during phase transition. Thus, the size effect
on nucleation is mainly active through the lattice strain. If
the required critical nucleus size exceeds that of its parent
phase, formation of the new phase is kinetically suppressed;
instead, the new phase embryos or clusters would occur
dynamically, which ultimately dissolve into a more stable
state.

To explore the nucleation kinetics in nano-Ho,O3, we de-
rived the domain size for all the involved phases from XRD
peak broadening, using the Scherrer formula (Fig. 4). In the
bulk sample, the size of «-Ho,0; is rapidly reduced from
~200 to 25 nm during transition, while the domain size of
B is ~18 nm, implying that the «— § transition undergoes
a multiple-nucleation process [Fig. 4(a)]. No grain growth is
observed for 8-Ho,0; as it is kinetically difficult in solids at
room temperature, indicating its critical nucleus size of dg ~
18 nm. Clearly, y-Ho,0O3 nucleates within the preformed S
through a single-nucleation process with a critical size of
dy ~ 15nm.

In the 43-nm sample [Fig. 4(b)], the absence of § is mainly
due to markedly increased strain (i.e., AEg, ~ 6 kJ/mol) that
should increase the required d} over the nanoparticle size
(~43 nm), according to Eq. (5). Therefore, only an embryo
form of B-Ho,0O3 would occur at the early stage of nucleat-
ing y-Ho,03, and the thus-obtained critical nucleus size of
y-Ho0,03 is d;j ~ 15nm, similar to that in the bulk sample.
This further confirms y-Ho,Oj3 should form from g embryos
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FIG. 4. Evolutions of crystallite size and free energy landscape
of pressure-induced multiple phase transitions in nano-Ho,Os. (a)—
(c) Domain sizes vs pressure for the involved phases of Ho,O3; with
various starting nanoparticle sizes. Inset in each panel schematically
illustrates nucleation of new phases. (d) Conceptual illustration of
size-dependent energy landscapes against the pressure overstep AP,
in terms of Eq. (5). In each line, the overall energy maximum occurs
at a critical pressure (AP.), above which high-P phases start to
nucleate, as manifested by large energy minima. While the formation
of these phases would be suppressed with decreasing nanoparticle
size. Instead, according to the Ostwald step rule, these phases would
occur dynamically in their embryo forms (i.e., 8* and y*) below the
critical pressure for nucleating more stable high-P phases.

with an interfacial energy o, as nearly identical as that oc-
curred in the bulk sample for producing the y nucleus with
a similar critical size. Meanwhile, the size of the o phase
decreases with increasing pressure in this sample, likely due
to the increase of y nucleus number (i.e., a multinucleation
process). In Fig. 4(c), the y phase of the 14-nm sample occurs
on the border of amorphization at ~21.8 GPa, indicating the
critical nucleus is close to 14 nm; the appreciably increased
strain would lead to dynamically occurring 8 embryos for
nucleating y-H,Oj3. Further decrease of nanoparticle size (d)
below the required dj, a direct amorphization is expected at
higher pressure, as reported in 6-nm TiO; [13]. The pristine -
H,03; may also become amorphous even at ambient pressure,
if its crystallite size is below a critical size, which explains
what is observed in 3-nm PbTe [17].

Based on Eq. (5), variations of free energy during multiple
phase transitions can be tentatively depicted in Fig. 4(d) with
a number of energy minima and barriers. The energy land-
scape of bulk sample is mainly characterized with a prominent
barrier (i.e., the overall energy maximum) between the orig-
inal and high-P phases. Pressure increases metastability of
a-Ho,0; and fluctuates its lattice to overcome the energy
barrier, leading to the nucleation of critical g nucleus. This
concept is commonly accepted in the conventional nucleation
theories [5-8,38,43,44]. In the bulk sample, the most stable
y phase must nucleate from the intermediate 8, because the
involved interfacial energy is much lower than that of di-

rect nucleation of y within « (i.e., 0,8 < 0p,), Obeying the
Ostwald step rule [5,8].

Reducing the nanoparticle size appreciably increases lat-
tice strain, which greatly modifies the energy landscapes
during nucleating high-P phases [Fig. 4(d)]. For example, the
most stable -Ho,O3 becomes a metastable intermediate for
forming amorphous phase in the 14-nm sample [Fig. 2(d)].
By tuning the nanoparticle size (hence, the strain), the phase
stability can be completely altered, and all crystalline phases
may be kinetically suppressed in their embryo forms at the
early stage of nucleation for phase transition. Recently, a
renewed theory called the generalized Ostwald step rule was
given to illustrate phase evaluation during nucleating critical
nucleus [5]. By simply extending this rule to the embryoform-
ing stage of nucleation, the size-tunable phase selection in
nano-Ho,O3 can be well understood. We thus argue that the
dynamics of nucleation at the early stage is vital to under-
standing pressure-induced multiple phase transitions.

For the y—¢ amorphous transition, the entropy change
may be decisive to initiate transition by a different mechanism
(e.g., a meltinglike process [45]). In ultrafine nanoparticles,
the surface modification is also important for phase selection
and amorphization as reported in TiO, [14,22] and ZnS [23],
because the modified surface tension can greatly alter the
lattice strain through atomic relaxations during nucleation. In
addition, using our model, many previously unsettled phe-
nomena associated with pressure-induced phase transitions in
nanomaterials can be excellently interpreted, including amor-
phizations in 6-nm TiO, [11,13,46], 16-nm Y,O3 [15], 5-nm
PbTe [17], and Bi, O3 [47] and the lattice or modulus anoma-
lies in CeO, [19,20], ZnO [48], Ge [18], and Fe [49] across
phase transitions at pressures. Lastly, our model can also be
used to help understand some important phase transitions
under high P-T conditions, such as transformations of
graphite — diamond and hBN — c¢BN with hexagonal and
wurtzite phases as intermediates, respectively [42,50,51].

III. CONCLUSIONS

In summary, a simple pressure-volume method is formu-
lated for determining the lattice strain produced during the
pressure-induced first-order phase transitions. Applying this
method to nano-Ho,O3; with multiple phase transitions at
pressures, we find that the strain energy in nanocrystals is
appreciably large, which leads to the significant increase of
the critical nucleus and kinetic barrier for retarding nucleation
of high-P phases, resulting in structural selection or amor-
phization. A phenomenological model is established from
an energy perspective to explore the size-dependent phase
evolution, which can be well understood by extending the
generalized Ostwald step rule to the early stage of nucle-
ation. Our findings can be used for addressing many unsettled
size-dependent phenomena associated with first-order phase
transitions.
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