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The photoluminescence (PL) characterization spectrum has been widely used to study the electronic
energy levels. Ho>" is one of the commonly used doping elements to provide the PL with concentration
limited to 1% atomic ratio. Here, we present a tricolor PL achieved in pyrochlore Ho,Sn,O; through
pressure treatment at room temperature, which makes a non-PL material to a strong multiband PL material
with Ho®* at the regular lattice site with 18.2% concentration. Under a high pressure compression-
decompression treatment up to 78.0 GPa, the Ho,Sn,0; undergoes pyrochlore (Fd3m), to cotunnite
(Pnma), then amorphous phase transition with different Ho>" coordinations and site symmetries. The PL
emerged from 31.2 GPa when the pyrochlore to cotunnite phase transition took place with the breakdown
of site symmetry and enhanced hybridization of Ho’" 4f and 5d orbitals. Upon decompression, the
materials became an amorphous state with a partial retaining of the defected cotunnite phase, accompanied
with a large enhancement of red-dominant tricolor PL from the ion pair cross-relaxation effect in the low-
symmetry (C,) site, in which two distinct Ho’* emission centers (S center and L center) are present.
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Because of the high structural stability at extreme radi-
ation, pressure, and temperature environment, the pyrochlore
A,B,0; has been considered as an advanced nuclear
material for nuclear reactors or waste immobilization in
hostile environments [1-5]. It is crucial to extract the
extreme condition history by checking the hostile materials.
In recent years, much work has been devoted to identify the
effect of pressure and temperature coupled with irradiation.
A variation of novel behaviors such as phase transition,
order-disorder transformation, recrystallization, and amorph-
ization are observed, which provides important information
[6-9]. However, few of these materials meet the criteria that
the quenched materials can bring in the high pressure (HP)
treatment history information which can be used as an
extreme condition detector when combined with nuclear
reaction materials as an inert matrix fuel.

Lanthanide compounds Ln,B,0; are excellent refracto-
ries while some Ln-containing ones exhibit interesting
photoluminescence (PL) behavior which can act as a laser
[10]. Most lanthanide ions can act as the PL center when
doping in host materials due to their unique f-f and f-d
transitions but with limited doping concentration (typically
<1% atomic ratio) [11-13]. Most high concentrated lan-
thanide materials show no PL spectra due to the cross
relaxation and energy transfer to nonradiative levels, which
expedites the nonradiative deexcitation process and reduces
the probability of radiative recombination [14]. We explored
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the PL evolution of concentrated materials Eu,Sn,O, and
La, Sn, 05 under pressure, and found that change of the local
Eu** or Sn?* site symmetry can largely explain the
suppression and absence of PL [15,16]. The same situation
was reported in Mn?>* doped BaF,/SrF,, MnF,, and
CryPbBrg [17-19]. Inspired by this, the non-PL
Ho,Sn,0; is selected and subjected to HP treatment to
alter the local site symmetry. Surprisingly, Ho’* PL is
successfully generated by the pressure-induced phase tran-
sition, and upon decompression, the minority red emission is
largely enhanced (fourfold) along with the other two bands
due to the Ho>* site symmetry breakdown and ion pair cross
relaxation.

We carried out a systematic HP study on Ho,Sn,0-,
especially the PL. measurements. In order to identify the
Ho’* site symmetry with pressure, in situ x-ray diffraction
(XRD) and x-ray absorption spectroscopy (XAS) at Ho L;
edge are performed. At an ambient condition, Ho,Sn,0;
initially has no PL response due to high symmetry structure
(centrosymmetry space group Fd3m). Pressure-induced
tricolor visible PL was observed above 31.2 GPa
[Fig. 1(a)], where the Ho®>" site symmetry changes from
a centrosymmetry D;; in LP Fd3m phase to a non-
centrosymmetry C; in HP Pnma phase (shown in Fig. 2).
A similar structural phase transition induced PL was
reported in MnF, and CryPbBrg [18,19]. The tricolor PL
in Ho,Sn,0; is largely enhanced under decompression,
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FIG. 1.

(a) PL spectra of Ho,Sn, 05 under compression. The sharp line is from the diamond Raman peak. (b) During decompression,

the PL are enhanced, and the red PL becomes dominant. (c) The separated three PL intensity fractions normalized to the quenched total
intensity with pressure. The gray circles represent compression data, while the color circles represent the decompression process.
(d) Total PL intensity fraction during the compression and decompression process. The Ho’* site symmetries are labeled (D5, C,, and

C,) with the corresponding PL regions.

which is totally different with the quenched PL in the above
samples due to their reversible phase transition. Once
defects were formed in a pyrochlore compound, it would
not easily relax back to the pristine structure [6,8]. That is
why an intriguing tricolor PL is reserved in Ho,Sn,0O;
under decompression. More interestingly, the PL intensity
is largely enhanced, especially the red PL, which is usually
considered as a minority component is enhanced by four-
fold [20]. The preservation and enhancement of the tricolor
PL during decompression is attributed to the irreversible
phase transition from the cotunnite phase which became an
amorphous state with partial retaining of a defected
cotunnite phase. Our results suggest that pressure is a

crucial tool to transform a non-PL material Ho,Sn,0O; into
a PL system by altering the Ho** site symmetry.

There is no PL response at ambient pressure in
Ho,Sn,O;. A pressure-induced infrared-to-visible PL
emerges above 31.2 GPa. It consists of three emission
bands at 554 nm (green PL), 662 nm (red PL), and 763 nm
[near infrared (NIR PL)] which are associated with Ho?*
ion radiative transition °F,/°S, — Is, °Fs — °lg, and
3F,/°S, = 1;, respectively [21-23]. Upon further com-
pression, the green and NIR PL intensities increase quickly
with pressure below 50.2 GPa, and reach a plateau between
50.2 and 78.0 GPa, while the red PL remains almost
constant as shown in Figs. 1(a) and 1(c). The pressure range
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FIG. 2. Pressure-derived structure evolution in Ho,Sn,O;. (a) The HP XRD patterns up to 77.4 GPa. (b) The P-V curve can be fitted
with the Birch-Murnaghan equation of state which is separated by LP phase and HP phase. The inset shows the crystal structure of the LP
phase (upper right) and HP phase (lower left). (c) The decompression XRD patterns. The star peaks are from the gasket.
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31.2 GPa to 50.2 GPa is a transition zone from the cubic to
orthorhombic (see XRD results in Fig. 2). More interesting
is that the tricolor PL is not only retained but also largely
enhanced upon decompression [Fig. 1(b)]. The pressure
dependence of the PL intensity fractions of the three bands
is plotted in Fig. 1(c) and the total PL fraction is shown in
Fig. 1(d). Comparing with PL at 78.0 GPa, the quenched
green PL and NIR PL intensities are almost doubled, while
the red PL intensity increases fourfold and becomes
dominant. This drastic change in light induced emission
is governed by the pressure-induced site symmetry break-
down (see discussion in detail below).

In order to understand pressure-induced PL in Ho,Sn, 05
and enhancement upon decompression, in situ HP XRD
measurements are performed and selected patterns are
presented in Fig. 2(a). Several new diffraction peaks
appeared at 30.0 GPa, indicating the onset of the pres-
sure-induced phase transition. At 50.2 GPa, the HP phase
transition was completed. The symmetry changes from LP
pyrochlore Fd3m (O,) to HP cotunnite Pnma (D,,)
accompanied with a volume collapse about 12% as shown
in Fig. 2(b) [8,24]. The detail Wyckoff position and Ho**
site symmetry of LP phase and HP phase are listed in Table
S1 in Supplemental Material [25]. Two P-V curves are
fitted by the Birch-Murnaghan equation of state for LP and
HP phases. A bulk modulus By = 222.1(4) GPa and
volume V, = 139.9(0) A3 are obtained below 30.0 GPa,
while B, = 253.3(7)GPa and V, = 121.2(1) A* above
47.0 GPa. Both LP and HP phases present between 30.0
and 47.0 GPa. The Ho* site symmetry changes from D,
symmetry (HoOyg) in LP phase to C, symmetry (HoOy) in
HP phase as shown in the insets of Fig. 2(b). Rietveld
refinements of XRD patterns and the a, b, ¢ vs pressure are
shown in Figs. S1 and S2. Under decompression, the phase
transition is irreversible as shown in Figs. 2(c) and S3
(Raman spectrum and Table S2), where the HP cotunnite
phase reserved and coexisted with amorphous state (Ho**
site with C; symmetry). For comparison, we also con-
ducted the XRD and PL measurements by decompressing
pressure from 29.0 GPa, and no-PL generated by the
compression-decompression cycle (Fig. S4).

XAS of Ho L5 edge (E = 8.071 keV) were measured to
check the electronic state change associated with the
structure phase transition to 40.5 GPa. The original
XAS, derivative, and second derivative near the white line
energy 8.071 keV are plotted in Fig. S5. Two purple lines in
Fig. S5b connect the local maximum and minimum near the
white line in the derivative of XAS at varied pressures. As
pressure increases, the white line gets broader (Fig. S5a).
The constant edge jumping positions (first purple line) at
different pressures suggest for an unchanged Ho’* with
4f19 electron configuration in Ho,Sn,0,. The shift to
higher energy with pressure on the local minimum (second
purple line position) results from the reduced first shell Ho-
O bonding length. The detail second derivatives of the Ho
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FIG. 3. (a) The second derivative of XAS measured under
various pressures. The inset shows the energy gap AE, with
pressure. (b) Energy gap AE, variation with pressure. (c) The
relative intensity of [e, — #5 (t5,)] with pressure.

Ls-edge XAS spectra are shown in Fig. 3(a), the W-shape
feature illustrates the energy level of Ho’* 54 orbitals. The
two minimum positions correspond to the energy levels of
f, and e, as depicted in the inset in Fig. 3(a). Similar to the
spectra of W and Mo [26,27], the energy separation
represents the splitting of the Hos;-O,,, orbitals into 1,
and e, by the ligand field of the surrounding oxygen atoms,
and the e, orbitals have higher energies than those of 7,,
orbitals when a simply O,, symmetry is considered (Fig. 4).
The 1,, orbitals of Ho’* ions with D5, site symmetry
distortion at low pressure splits into a;, and e, () ,)» while
at HP with C; site symmetry, the 7,, degenerates to one
energy level with the crystal field splitting energy
A =10 Dg. As shown in Fig. 3(b), the energy gap AE,
between the t’zg (or 1) and e, of the hybridized Hos;-O,,
states, behaves differently at pressure below and above
29.0 GPa, where the phase transition takes place. AE,
increases from ~1.7 eV at 0.2 GPato ~2.1 eV at 24.0 GPa,
and keeps almost unchanged up to 40.5 GPa. Besides, the
relative intensities of the 7} , (or 1) and e, peaks connect to
the number of unoccupation at 7} g (or 1,,) and e, orbit
[Fig. 3(c)]. The decreasing intensity at the 7,, peak indicates
a crossover of electron occupation from e, to f,, through
the phase transition. Because of increasing the crystal field
splitting energy to 10 Dq between the 7,, and e, orbital, it is
reasonable that the 1,, orbital of the Hos;-O,,, state would
be more occupied in the HP cotunnite phase. The Ho**
local site symmetry change from D3, to C; would bring in
the emerging of tricolor PL [28].

The absence of PL in ambient Ho,Sn,O; is due to the
Ho’* site centrosymmetry (D;,), in which the electric-
dipole transition is forbidden. In the HP cotunnite phase, the
Ho’* site becomes noncentrosymmetric (C,), which allows
the electric-dipole radiative transition, enhances the quantum
yields for all three bands in the LP-HP transition zone, and
reaches a plateau once the transition is completed [12,29,30].
Upon decompression, the tricolor PL is reserved and largely
enhanced, especially the red PL. The green PL and NIR PL
almost double the intensity compared with that at 78.0 GPa,
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FIG. 4. The 5d orbital energy gap AE, of Ho’* ions between e, and t’zg(tzg) at LP phase (a) and HP phase (b). The insets show the
0 GPa and 34.0 GPa site symmetry of Ho*", respectively. (c) Energy level diagram of Ho>* under decompression, two emission centers
of S center and L center are presented respectively. The energy transfer from Ho’* ion-pair cross relaxation (CR) at the L center
expedites the °Fs population and hence enhances the °Fs to 3l radiation.

while the red PL enhances fourfold and becomes dominant.
The reserved and enhanced PL is due to the low-site
symmetry (C;) in the amorphous and defect-HP phase
which extremely promotes the radiative transition rate. As
depicted in Fig. 4(b), the lowered f,, orbital energy level
allows the 4f electrons hopping into 5d orbital due to the
enhanced hybridization of Ho’* 4f and 5d orbitals in the
site noncentrosymmetry C,, where the S-center emission
takes place as shown in Fig. 4(c). The dominant emission
3F,/3S, — I (green PL) is accompanied with weak NIR PL
(F4/°S, = °I;) and red PL (°F5 — Ig). The electron occu-
pation at °F5 depends on the nonradiation process, therefore
the °Fs to I3 radiation process has been considered as a
minority component [20]. Upon decompression, the cotunn-
ite phase is not stable and most Ho,Sn, 05 transforms to an
amorphous state with the retention of a small amount of the
defect-cotunnite phase. In the totally released amorphous
state, the strongly coupled Ho** pairs can exchange energy
via the cross-relaxation process as shown in Fig. 4(c) L
center: one Ho’™ (°S,/°F, — °Fs), and the other Ho**
(l; = 3lg), which expedites the 3S,/°F, — °Fs radiation
compared to the nonradiation mode in the S center model,
and leads to the buildup of Ho** (°Fs) population as shown
in Fig. 4(c)[31,32]. The electrons at °I; originated the from
the °F,/3S, — I, transition. Therefore, the stronger recov-
ered red PL (°Fs — Slg) originates from two emission centers
of Ho?*, and the S center contributes the same intensity with
green and NIR PL, while the L center contributes to the
population of the °Fs energy level and enhanced Fs — Ig
(red) radiation rate. The strong two-color PL is very rare
except as observed in some quantum dot materials and MnF,
[33,34]. Here, the pressure treated Ho,Sn,O; presents a
unique application in highly efficient yields of tricolor PL

covering the range from green to red to NIR. Besides, the red
and NIR spectral ranges are considered as the potential
“optical windows” candidate for biological tissues [35].

In summary, under pressure the LP pyrochlore phase
transformed to the HP cotunnite phase at 32.3 GPa in
Ho,Sn,0,. The increasing crystal field splitting between
the 7,, and e, causes the strong hybridization of 4f and 5d
orbitals at the HP phase. Upon releasing pressure, the HP
phase transforms to the coexistence of an amorphous and
defect-cotunnite phase. The local Ho’* site symmetry
breaks down sequentially from D;,; to C, then C;, and
nearest coordinations change accordingly. The pristine
non-PL character in Ho,Sn,0; is popular as typically
Ln** doped materials show PL spectrum with doping
limitation up of 1%. Tricolor PL (S center) is successfully
generated once the LP-HP phase transition starts and
the site symmetry breaks down from D;; to C,.
Decompression-induced amorphization reduces Ho** site
symmetry further down to C;, which enhances the ion pair
cross-relaxation process and provides an additional emis-
sion center (L center) for the Fs — °Ig transition and
promotes the minority red-PL to dominant among the
tricolor PL. With compression up to 29.0 GPa, the
quenched sample shows no PL change, which can be used
as a pressure history detector for an extreme environment.
Our findings highlight the role of the pressure effect on
Ho,Sn,05; the reserved and enhanced tricolor PL can serve
as the extreme condition history detector and improve
bioluminescence imaging technology.
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