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Abstract

®

CrossMark

Yttrium iron garnet (YIG, Y3FesO;,) was examined up to 74 GPa and 1800 K using
synchrotron x-ray diffraction in a diamond anvil cell. At room temperature, YIG remained in
the garnet phase until abrupt amorphization occurred at 51 GPa, consistent with earlier studies.
Upon laser heating up to 1800 K, the material transformed to a single-phase orthorhombic
GdFeOs-type perovskite of composition (Y 75Feq25)FeOs. No evidence of decomposition of
the sample was observed. Both the room-temperature amorphization and high-temperature
transformation to the perovskite structure are consistent with the behaviour of other rare earth
oxide garnets. The perovskite sample was compressed between 28—74 GPa with annealing

to 1450-1650 K every 3-5 GPa. Between 46 and 50 GPa, a 6.8% volume discontinuity

was observed without any accompanying change in the number or intensity of diffraction
peaks. This is indicative of a high-spin to low-spin electronic transition in Fe**, likely in the
octahedrally coordinated B-site of the perovskite. The volume change of the inferred spin
transition is consistent with those observed in other rare earth ferric iron perovskites at high

pressures.
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(Some figures may appear in colour only in the online journal)

Introduction

Rare earth garnets have wide application as ferrite, laser, and
luminescent materials [1, 2]. The garnet structure of these
materials has the general formula X3Y,Z;0,, where X, Y, and
Z are dodecahedral, octahedral, and tetrahedral sites, respec-
tively. The dodecahedral site is occupied by a rare earth cation
while the octahedral and tetrahedral sites are occupied by
trivalent Al, Ga, Sc, or Fe. The high-pressure behaviour of
compounds in this family has attracted considerable attention.
At ambient temperature, pressure-induced amorphization has
been observed in various rare earth garnets above 50 GPa
including yttrium iron garnet (YIG), Y3FesOy; [3], europium
gallium garnet (EGG), Eu3GasO;, [4], gadolinium gallium
garnet (GGG), Gd3GasO1, [5, 6], and gadolinium scandium
gallium garnet (GSGG), Gd3Sc,Gaz0, [5, 7]. At high pres-
sure—temperature (P-7) conditions, EGG, GGG, and GSGG
all transform to the perovskite structure [4, 6, 7]. On the other
hand, yttrium aluminum garnet (YAG), Y3AlsO,, is reported

0953-8984/15/405401+10$33.00

to retain the garnet structure to at least 120 GPa and 700 K
[8, 9], although a mechanical instability is predicted theoreti-
cally at 108 GPa [10]. The broad stability region for this mate-
rial has contributed to its utility as an optical pressure sensor
in diamond anvil cell experiments [8, 11-14].

High-pressure studies of YIG at ambient temperature
have identified several interesting phenomena including
pressure-induced amorphization, magnetic collapse, a
spin crossover transition, and metallization [3, 15, 16].
X-ray diffraction measurements revealed the occur-
rence of amorphization above 50 GPa, which was irre-
versible upon decompression back to ambient pressure
[3, 16]. At 48 GPa, Mossbauer spectroscopy indicated that
YIG also undergoes a magnetic collapse from a ferrimagnetic
to a non-magnetic state at nearly the same pressure as the
x-ray amorphization, with the simultaneous disappearance of
magnetic moments in both the octahedral and tetrahedral sub-
lattices [15]. The magnetic transition was irreversible down to
1 bar. Abrupt changes in the quadrupole splitting and isomer

© 2015 IOP Publishing Ltd  Printed in the UK


mailto:cstan@princeton.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/0953-8984/27/40/405401&domain=pdf&date_stamp=2015-09-24
publisher-id
doi
http://dx.doi.org/10.1088/0953-8984/27/40/405401

J. Phys.: Condens. Matter 27 (2015) 405401

CV Stan et al

shift were also observed indicating the likely presence of a
spin transition accompanying the amorphization [15]. Finally,
it was shown that the optical absorption edge vanishes in this
pressure range, indicating transition to a metallic state [16].
Thus, YIG garnet simultaneously experiences structural amor-
phization, magnetic collapse, metallization, and a probable
spin transition at 50 GPa.

High pressure-temperature studies of YIG were conducted
in the 1960s but were restricted to very low pressures and
yield contradictory results. One study reported the decom-
position of YIG to YFeO3 and Fe,O3; based on examination
of samples recovered from compression to 0.4 GPa and 1123
K [17]. Here Fe,O3 was in the hematite structure and YFeO;
was an orthorhombic perovskite. However, another study
reported the synthesis of a single-phase ferrimagnetic per-
ovskite (Y3,Fe)Fe4O1; or (Y 75Feq25)FeOs after compressing
YIG to 2.52 GPa and 1473 K [18]. A related Mssbauer study
demonstrated the existence of two distinct iron sites in the
high-pressure YIG phase, supporting the observation of a
single-phase perovskite [19]. The differing results obtained
in these low-pressure studies have been attributed to different
pressure transmitting media and to the fact that reduction of a
small fraction of the Fe** to Fe?* may favor formation of the
single perovskite phase over the decomposition reaction [20].

In the present investigation we carried out x-ray diffraction
experiments on Y3FesOj, over a wide pressure-temperature
range (28-75 GPa, up to 1800 K) using the laser-heated dia-
mond anvil cell (DAC) to determine the phase stability, equa-
tion of state, and structural evolution of YsFesOj, at high
pressures.

Methods

A polycrystalline Y3FesOj, sample (Alfa Aesar, 99.9%) was
characterized at ambient conditions by x-ray diffraction and
Raman spectroscopy. The unit cell parameter was found to
be a = 12.37391(3) IOA, consistent with literature values [18].
High-pressure experiments were carried out with a diamond
anvil cell using 200 pm diameter culets. The sample was
ground to a few micron grain size and mixed with 10 wt.%
gold powder (Goodfellow Corp., 99.95%), which served as
a laser absorber and pressure calibrant. Compressed pellets
(5-10 pm thick) of this mixture were embedded between
layers of NaCl, which acted as a thermal insulator and quasi-
hydrostatic pressure medium. Samples were placed within
100 pm diameter holes drilled in Re gaskets that had been
pre-indented to 30 pm in thickness.

Angle-dispersive x-ray diffraction was performed at beam-
line 13-ID-D of the Advanced Photon Source (APS), Argonne
National Laboratory. X-rays with a wavelength of 0.3344 A
were directed through the diamond anvils and the diffracted
signal was collected with a CCD detector (MarCCD). The
detector position and orientation were calibrated using a CeO,
standard. High temperature experiments were carried out by
double-sided laser heating using two diode-pumped single-
mode ytterbium fiber lasers (A = 1064 pm), each with output
power up to 100W. Beam-shaping optics were used to pro-
duce a flat-topped laser profile with a spot size of ~24 pm.

Sample temperatures were measured from both sides by
spectroradiometry. Details of the x-ray diffraction and laser
heating systems at 13-ID-D are reported elsewhere [21].
X-ray diffraction patterns were typically collected for 10-15 s.
The resulting 2D CCD images were integrated to produce 1D
diffraction patterns using the program FIT2D [22]. Peak posi-
tions were determined by fitting background-subtracted Voigt
line shapes to the data. Lattice parameters were refined using
the program UNITCELL [23] using at least six diffraction
lines from each phase observed. The pressure was calculated
using the (11 1) diffraction peak of gold and its thermal equa-
tion of state from [24].

Two separate experiments were performed. In the first, the
sample was compressed at room temperature to 51 GPa. The
sample was then laser heated at 1550-1700 K for 5-10min.
The sample was further compressed to 74 GPa in ~3 GPa steps
and laser heated to 1400-1800 K for 5-10min at each step.
In the second experiment, the sample was compressed to ~30
GPa, and laser heated for Smin to 1550 K. The synthesized
sample was then compressed in 2—4 GPa steps up to 67 GPa
with heating for 5 min at 1450-1550 K every 5 GPa.

Results/Discussion

Pressure-induced amorphization

Room-temperature diffraction patterns recorded up to 50.6
GPa consisted of diffraction peaks that could all be assigned
either to Y3Fes0,, garnet, the NaCl insulator (B1 or B2 phase)
or the gold pressure standard (figure 1). The diffraction peaks
remained generally sharp but exhibited modest broadening
with increasing pressure, likely as a result of increasing dif-
ferential stress. Upon further increase of pressure from 50.6
to 51.1 GPa, the Y3FesO, garnet diffraction peaks completely
disappeared (figure 1). This indicates that the sample under-
goes an abrupt structural transition to a disordered or amor-
phous state over a narrow pressure range, consistent with
previous work [3].

Pressure-induced amorphization (PIA) has also been
reported in other rare-earth garnets, including EGG, GGG and
GSGG, at 85 GPa, 84(4) GPa, and 62(2) GPa, respectively
[4-7]. EGG, GGG and GSGG all transform to a perovskite
structure at high pressure-temperature conditions [4, 6, 7]. PIA
is commonly observed in framework structures, such as the
garnet structure, which can be envisioned as a framework of
alternating corner-sharing tetrahedra and octahedra. In EGG,
GGG and GSGG, the amorphization has been proposed to be
related to instabilities in this corner-sharing network with the
increase in pressure [4]. The amorphization pressure has been
correlated with the crystal field strength (CFES) of the garnets
[5], which has been found empirically to increase as a function
of decreasing unit cell size [25]. It has also been proposed that
amorphization in these materials is driven by low- or room-
temperature kinetic hindrance of a crystalline phase transi-
tion [4]. For instance, in YIG, the local atomic structure in the
amorphous state was found to be dominated by iron-oxygen
FeOg complexes with disordered orientation of local axis [3].
Furthermore, all Fe®* ions in the amorphous YIG structure
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Figure 1. Room-temperature x-ray diffraction patterns of YIG between 35.1 and 51.1 GPa. Calculated peak locations for YIG, Au, and
NaCl (in B1 or B2 phase) are shown as ticks below each diffraction pattern. Selected (% k) values for YIG peaks are indicated.

were found to be octahedrally coordinated [3], which means
that the Fe’* from the garnet tetrahedral site must undergo
a coordination change. If the kinetically hindered transition
involves coordination changes, then the d orbitals and their
CFS would play a key role in controlling the amount of energy
required to undergo the transition, and would act as mediators
of the amorphization pressure. In contrast to YIG, the amor-
phization occurs over a broader pressure range for EGG, GGG
and GSGG, with pronounced peak broadening beginning at
75 GPa for EGG, 74(3) GPa for GGG and at 55.5(5) GPa
for GSGG. That is, the amorphization occurs over a range of
7-10 GPa in these materials, in contrast to <1 GPa for YIG.
The amorphization is irreversible in GGG and GSGG, as the
amorphous phase is retained upon decompression to 1 bar [5],
while the decompression behaviour of amorphous EGG has
not been reported.

Pressure-induced amorphization has received considerable
attention and has been reported in a wide range of materials
[26-28]. This phenomenon occurs when pressure induces
instabilities in the crystal lattice but there is insufficient
energy to permit the formation of a more stable crystalline
phase, resulting in the loss of long-range order [28]. Two dif-
ferent approaches to understanding this type of amorphization
have been proposed, one thermodynamic and one mechanical.
In the thermodynamic case, the amorphization phenomenon
is similar to melting, but occurs below the crystalline-glass
phase transition for the material. In the mechanical case, the
structure becomes amorphous when its mechanical stability is
violated. The mechanical stability can be tested by examining

the Born stability criteria [28]. In the case of a cubic crystal,
such as garnet, these can be described by relationships among
the elastic constants:

Ci1+2CG2>0; Cu>0; G —Co>0 (D

The high-pressure elastic constants of YIG can be esti-
mated using the ambient pressure values (Ci; = 269 GPa,
Ci1o = 107.7 GPa, Cy4 = 76.4 GPa [29]), and the measured
pressure derivatives of the elastic constants (dCy/dP = 6.22,
dC»/dP = 4.01, dCyy/dP = 0.41 [30]) through the following
relationship [31]:

1

dcC;; 3

=+ p| L)L @
’ dP \'V

At 50 GPa, all the Born criteria remain satisfied and no
elastic softening is observed for YIG and thus there is no evi-
dence for a mechanical instability.

High P-T experiments

At 51 GPa the amorphous sample was heated to 1650 K for
5-10min. New diffraction peaks quickly appeared after three
minutes of heating. The new peaks can be indexed to an ortho-
rhombic unit cell and the peak positions match the GdFeOs-
type perovskite phase (space group Pbnm) (figure 2). All
other observed peaks can be identified as either NaCl or Au.
No further changes in the diffraction pattern were observed
after 30 min of heating at 1375-1775 K or upon quenching to
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Figure 2. X-ray diffraction pattern of Y3FesO,; at 49.2 GPa, quenched after heating at 1650 K and 51.1 GPa. The pattern can be fit to

an orthorhombic unit cell with a = 4.822(6) A, b =5.127(5) Aandc= 6.991(4) A. The tick pattern beneath shows the expected peak
locations for Pbnm perovskite structure (black). Au (yellow) and NaCl (blue) peak locations, as well as Miller indices (hk!) for selected

perovskite peaks.

Figure 3. (Y(.75Feq25)FeO3 perovskite (YIP) diffraction upon quench. At 28.2 GPa, YIP peaks are fit to an orthorhombic Pbnm unit cell
with a =5.017(3) A, b = 5.333(2) A and ¢ = 7.288(2) A. Tick marks show expected peak locations for other candidate phases including
Rh,O3-type Fe,O3 [38]. At 64.8 GPa, the YIP unit cell is fit with a = 4.753(4) A, b = 5.059(3) A, ¢ = 6.900(4) A. There is no evidence for

peaks of CalrOs-type Fe,O3 [36, 37, 39].

room temperature. The pressure measured upon quenching is
reduced slightly to 49.2 GPa, likely as a result of relaxation of
differential stress. The sample was then further compressed to
74 GPa in 2-3 GPa steps with annealing for 5—10min to 1550—
1650 K at every other step, and the perovskite diffraction peaks
continued to be observed up to the highest pressure measured.

A second YIG sample was compressed to 30.7 GPa at room
temperature followed by laser heating at 1550 K for 5 min. The
YIG peaks disappeared rapidly after heating began, and a new
set of diffraction lines appeared. These new peaks can also be
indexed as orthorhombic perovskite (figure 3). This indicates
that the perovskite phase is stabilized at high temperatures
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Figure 4. (Y(75Feo25)FeO3 perovskite diffraction patterns at selected pressures. All peaks can be indexed as perovskite (YIP), Au or NaCl
in the B1 or B2 phase. The d spacings corresponding to selected perovskite peaks for each of these diffraction patterns are reported in

table 1.

well below the room-temperature amorphization pressure,
suggesting that the abrupt amorphization is not simply related
to a solid—solid phase boundary. This sample was then further
compressed to 64 GPa in 2-3 GPa steps, with annealing every
5 GPa to 1450-1550 K. Again, only peaks from orthorhombic
perovskite could be observed over this range.

The orthorhombic ABOj perovskite structure consists of
8-fold coordinated A cations located within a framework of
octahedrally coordinated B cations. In the case of YIG, two
different garnet to perovskite synthesis pathways have been
proposed, leading to differences in the A and B site occu-
pancy. YIG could transform into a single-phase perovskite of
composition (Y .7sFep25)FeOs, where Y3+ and Fe** share the
A site in 3 : 1 stoichiometry and Fe** occupies the B site [18].
Alternatively, YIG could undergo disproportionation into
Fe,03 and YFeOs-perovskite, where Y>* alone occupies the
A site and Fe** occupies the B site [17]. At room pressure,
Fe’* in 8-fold coordination is expected to have a radius 20%
smaller than that of Y% [32], so the inclusion of Fe** into the
A site would lead to a small reduction in the unit cell volume
in (Yo75Feq25)FeOs versus YFeOs, but the diffraction peak
positions of YFeO; and (Y 75Feq25)FeO3; would be expected
to be similar.

In the case of disproportionation, however, additional
peaks associated with Fe,O3 would also be present. While
there are conflicting reports on the high-pressure phase tran-
sition in Fe,O3 at room temperature [33-36], previous high-
temperatures studies consistently find a phase transition from
hematite to an Rh,O3(II)-type structure (orthorhombic, Pbcn)
at pressures of above ~25 GPa [33-38]. The Rh,Os(II)-type
structure contains only one crystallographically distinct cation
site and has an x-ray diffraction pattern that is indistinguish-
able from the orthorhombic Pbnm perovskite structure. We

do not observe evidence of either the hematite or Rh,O3(II)-
type structures of Fe;Oj3 in our diffraction pattern at 28.2 GPa
(figure 3). The expected unit cell parameters for the Fe,O3
high-pressure phase at 27 GPa and 300 K are approximately
a=4918 A, h=5.071 A, and ¢ = 7.187 A [38]. These are
not consistent with the orthorhombic unit cell parameters
we measured at 28.2 GPa: a =5.017(3) /ok, b =15.333(2)
A, ¢ = 7.288(2). The intense (1 12) peak (I/Iy = 100) of the
Rh,05(I)-type structure, expected to be at 20 = 7.61°, is not
observed, nor is there evidence for other low-angle peaks of
this structure. Since all observed peaks can be accounted for
by a single perovskite-type phase, Au, or NaCl, we conclude
that our diffraction patterns are consistent with formation of a
single-phase yttrium iron perovskite (YIP) with stoichiometry
(Yo.75Fep25)FeOs. No additional peaks indicative of ordering
of Y>* and Fet along the A site are present, and thus we con-
clude the YIP is an A-site disordered perovskite. At higher
pressure and temperature conditions (P > 50 GPa, 7' ~ 2000
K), Fe,03 is reported to adopt a CalrOs-type post-perovskite
structure (orthorhombic, Cmcm) [36, 37, 39], although one
study reports an alternative orthorhombic high-pressure phase
for Fe,O3 above 44 GPa [38]. Again, peaks indicating the
presence of the post-perovskite phase, particularly the highest
intensity (022) peak at 26 = 7.48°, or those of the alternative
orthorhombic high-pressure phase [38] were not observed in
our sample, indicating that the sample remains a single-phase
perovskite throughout the pressure and temperature range
examined in this study (figure 3). Representative diffraction
patterns across our pressure range are shown in figure 4, and
comparisons of the measured and calculated d spacings of YIP
at these pressures are recorded in table 1. The garnet to per-
ovskite phase transition is accompanied by a ~8% decrease
in volume, AV, which is consistent with the ~6-10% AV
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Table 1. Comparison of observed and calculated d spacings for the perovskite phase of (Y 75Fep25)FeOs at selected pressures.

Pressure (GPa) h

k

28.2 GPa: a = 5.017(3) A, b = 5.333(2) A, ¢ = 7.288(2) A and V = 195.0(1) A3

1

S O NN = = O

\S]

47.9 GPa: a = 4.841(6) A, b = 5.192

—_

SO N = = O

2
64.8 GPa: a = 4.753(4) A, b = 5.059
1

N O O == O

1

3

WO — =N =7 NNON—= N~ NNDON——N

)

)

2o

2o

,C

,C

! dobs (A) deaie (A) Ad (A)

1 3.26749 3.26593 0.00156
0 2.66608 2.66542 0.00066
2 2.58085 2.58120 —0.00035
3 2.02239 2.02448 —0.00209
0 1.82557 1.82606 —0.00049
4 1.82557 1.82430 0.00127
3 1.79626 1.79671 ~0.00045
1 1.77223 1.77144 0.00079
=7.042(6) A and V = 177.0(2) A3

1 3.16459 3.16224 0.00235
0 259713 2.59541 0.00172
2 2.49954 2.49667 0.00287
3 1.95611 1.9569 —0.00079
0 1.76840 1.7693 —0.00090
4 176200 1.76155 0.00045
3 1.74035 1.7415 ~0.00115
1 1.71627 1.71603 0.00024
=6.900(4) A and V = 165.9(1) A3

1 3.09485 3.09531 —0.00046
0 2.52836 2.52989 —0.00153
2 2.44564 2.44376 0.00188
3 191510 1.91539 —0.00029
0 1.73129 1.73189 —0.00060
4 1.72335 1.72413 —0.00078
3 1.70239 1.70136 0.00103
1 1.68012 1.67973 0.00039

Figure 5. (a) Measured volumes (per ABOj3 unit) of Y3FesOj, garnet and perovskite. The Eastman er al [43] equation of state is derived
from ultrasonic measurements corrected to isothermal conditions. The Shimada et al/ [18] data point was collected at 2 GPa, and is used in
the equation of state fit for the low-pressure data. Equations of state (solid lines) have been extrapolated where shown as dashed lines. (b)
Lattice parameters of the perovskite phase as a function of pressure. Colors are the same as those in (a). Equation of state fits are based on
the parametric form of the third-order Birch—-Murnaghan equation of state [65].

observed in the garnet-perovskite transition in EGG, GSGG, by [2] (figure 5(a)). Fitting a third-order Birch—-Murnaghan

and GGG [4, 6, 7].

Equation of state and spin transition

equation of state to the P-V data results in an isothermal
bulk modulus, K7y, of 204(5) GPa with pressure deriva-
tive K7y =3.1(3). Vo was fixed at to our refined value of
1894.61(1) A3. When K’ is held fixed at 4, a bulk modulus

The unit cell volume of Y3FesOj, garnet was measured up to  of 189(1) GPa is obtained. These values differ from those
51.1 GPa and the results are consistent with those reported reported by ultrasonic elasticity measurements which report
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Table 2. Measured unit cell parameters of (Y75Feq25)FeOs
perovskite as a function of pressure.

Pressure
(GPa) a(A) b (A) c(A) V(A%
2.0 5.27 5.57 7.59 222.8
28.2 5.017(3) 5.333(2) 7.288(2) 195.0(1)
29.4 5.009(7) 5.327(1) 7.277(1) 194.2(1)
30.3 4.999(6) 5.321(1) 7.274(2) 193.5(1)
32.8 4.992(6) 5.317(4) 7.255(5) 192.6(2)
33.5 4.984(2) 5.303(1) 7.242(2) 191.5(1)
35.5 4.980(4) 5.289(3) 7.222(4) 190.2(1)
375 4.959(4) 5.281(3) 7.203(4) 188.7(1)
40.2 4.943(3) 5.276(2) 7.192(3) 187.6(1)
0.4 4.932(5) 5.261(3) 7.175(4) 186.2(2)
443 4.923(6) 5.241(4) 7.150(5) 184.52)
46.2 4.87 (1) 5.207(7) 7.083(9) 179.7(3)
47.9 4.841(6) 5.192(4) 7.042(6) 177.02)
49.7 4.82(2) 5.12(2) 7.01(2) 174.4(7)
50.7 4.803(5) 5.118(3) 6.965(4) 171.2(1)
53.9 4.782(3) 5.099(2) 6.953(3) 169.5(1)
56.5 4.776(1) 5.089(1) 6.942(1) 168.7(1)
58.8 4.761(5) 5.081(3) 6.928(4) 167.6(1)
61.4 4.746(2) 5.086(1) 6.914(2) 166.9(1)
63.8 4.748(5) 5.075(4) 6.898(5) 166.2(2)
64.8 4.753(4) 5.059(3) 6.900(4) 165.9(1)
66.5 4.740(3) 5.060(2) 6.896(3) 165.4(1)
69.9 4.723(2) 5.055(1) 6.885(2) 164.4(1)
71.5 4.727(5) 5.039(4) 6.880(5) 163.92)
73.8 471(1) 5.042(8) 6.87(1) 163.2(4)
2 Shimada er al [18].

values for the adiabatic bulk modulus, Kgp, of 159-163 GPa
[29, 40-43]. This difference is likely the result of differen-
tial stress during room-temperature compression in an NaCl
medium which is known to yield an overestimate of the bulk
modulus in the axial diamond anvil cell geometry [44].

Room-temperature equation of state data were obtained for
YIP from 28.2-74.0 GPa (table 2). Representative diffraction
patterns over this range are shown in figures 2—4. The meas-
ured unit cell volumes and individual lattice parameters of YIP
are shown as a function of pressure in figure 5. Remarkably,
we observe a large (6.8%) reduction in volume between 46
and 50 GPa without the appearance of any new peaks or other
changes in the diffraction pattern (figure 4). The same behav-
iour can also be observed in the individual lattice parameters
(figure 5(b)). There is a 2.7%, 2.4% and 2.5% reduction in the
a, b, and c lattice parameters over this pressure range, indi-
cating a nearly isotropic volume reduction. These changes
are indicative of an isosymmetric phase transition that we
attribute to a high-spin to low-spin transition in yttrium iron
perovskite as discussed below.

Pressure-induced spin transitions have been reported
in a number of Fe-bearing phases in recent years [45-47].
Andradite (CasFe;Si301;), a calcium silicate garnet with
Fe’" in the octahedral site, has been reported to undergo a
spin transition at 60-70 GPa at room temperature, resulting
in a 2.5% volume collapse [46]. Spin transitions have also
been observed in a number of perovskites [48—53] and per-
ovskite-related structures [54-57] with Fe3* in octahedral

coordination. The Fe’'-bearing rare earth oxide perovs-
kites, NdFeOj3, LaFeOs, PrFeOs;, LuFeO; and EuFeO3; were
all found to undergo high-spin to low-spin transitions with
a volume change of 2.8-6.5% at 30-60 GPa [48-50, 58]
(table 3). NdFeO3 was examined using optical spectroscopy
and x-ray diffraction, which revealed a volume discontinuity
concurrent with an electronic transition that the authors inter-
preted as being due to a spin transition in Fe** [58]. LuFeOs,
LaFeOs, PrFeO; and EuFeO; were studied by high-pressure
x-ray diffraction, Raman spectroscopy, and Mssbauer spec-
troscopy, and a volume discontinuity was observed for all
four. This was concurrent with a transition to a paramagnetic
state and a significant change in the quadrupole splitting in
the Mossbauer spectra, indicative of a spin transition in all
of these compounds as well [48-50, 59]. The percentage
volume change across the spin transition in these perovskites
is inversely correlated to the ionic radius of the rare earth
cation in the 8-fold A site (figure 6). This largely reflects
the relative sizes of the A and B sites: the relative volume
collapse in the octahedral B site is larger when the A site is
smaller. Thus YIP, for which the A site is occupied by yttrium
with a relatively small radius (and Fe®"), exhibits a relatively
large volume change, as expected from this trend.

Equations of state were fit to YIP both above and below the
spin transition using the third-order Birch—-Murnaghan equa-
tion (figure 5(a)). K7 was fixed to 4.0 in both cases. The high-
spin phase can be fit with V = 223(1) A3 and K= 161(9)
GPa using data from this study only, or Vy = 225.2(8) A3
and K7y = 150(4) GPa when including a low-pressure datum
from [18]. For the low-spin phase, we obtain Vy = 197(1) A3
and K79 = 272(11) GPa. These results are preliminary, as the
volumes have been constrained over only limited ranges of
compression. Nevertheless, the results suggest that the com-
pressibility of the high-spin perovskite phase is similar to that
of the garnet phase (based on ultrasonic elasticity data) but
that there is a large decrease in compressibility across the spin
transition. This is broadly consistent with static compression
results for other rare earth ferric iron perovskites which may
exhibit as much as a 30-40% increase in bulk modulus across
the spin transition (table 3).

In (Yo.75Feg25)FeOs, iron occupies 100% of the B sites as
well as a 25% of the A sites. Thus, a spin transition could
occur in either or both sites. While additional studies such as
Mossbauer spectroscopy are necessary to address this ques-
tion, insight can be obtained from consideration of the high-
pressure spin transition in Fe-bearing silicate perovskites. In
the case of (Mg, Fe)(Al, Si, Fe)Os3, the behaviour of Fe cations
depends on site occupancy and valence [45, 60-62]. For ferric
iron, both theoretical calculations and experiments indicate
that Fe?* in the A site remains in the high spin state until pres-
sures above 100 GPa, whereas Fe>" in the B site undergoes a
pressure-induced spin transition at ~20-70 GPa [60, 62—64].
This is likely related to the longer Fe—O distances in the more
highly coordinated A site. The almost spherical ligand field
of the high-spin state of the A-site Fe>* ion is caused by the
full occupancy of its 3d orbitals, having the 3D representation
e,. It appears that this charge distribution maintains its spher-
ical symmetry in the pressure range of this experiment. By
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Table 3. Comparison of properties for rare earth orthoferrite perovskites (AFeOs).

High spin

Low spin

_ _ AP AV A*" cation

Reference Composition Vo (A%) K (GPa)  Vy (AY) K7 (GPa)  (GPa) (%) radius (A)
This study (Yo.75Feq.25)FeO3 223(1) 161(9) 197(1) 272(11) 46-50 6.8 0.959
Rozenberg et al [48]  LuFeOs 218.4(4) 241(5) 199.4(9) 313(10) 47-58 6.5 0.977
EuFeOs 230.7(2) 241(2.5) 214.4(6) 339(7) 46-51 4.7 1.066
PrFeOs 239.3(3) 274(5) 218.6(1.2) 312(7) 33-58 4.0 1.126
Xu et al [49] PrFeO; 35-50 2.8 1.126
LaFeO; 35-50 3.0 1.160
Gavriliuk ef al [58]  NdFeOs 244(4) 239(4) 3542 40 1.109

A3* cation radius is from [32]. In the case of YIP, the value has been calculated based on the radii of Y3* (1.019 /o\) and (high spin) Fe’* (0.78 A).

Vo: zero-pressure volume.

K7v: isothermal bulk modulus.

AP: pressure range of high spin to low spin transition.
AV: change in volume across the transition.

Figure 6. Percentage volume discontinuity in rare earth perovskites
across the spin transition as a function of A cation radius. lonic radii
are taken from [32]. Measured volume discontinuities are from this
work and [48, 58, 59]. For YIP, the mean ionic radius is determined
from the proportions of Y>* and Fe** in the A site, i.e.in 3 : 1
stoichiometry. The solid line shows the linear fit to the data.

contrast, the octahedral coordination of the Fe3* ions occu-
pying the B-sites leads to a 3D representation #,, of the corre-
sponding orbitals. These orbitals direct themselves away from
the 6 0%~ ions linked to each B-site Fe** ion. This orientation
favors the pressure-dependent shortening the Fe—O bonds in
the FeOg octahedra [47]. Thus, by analogy with silicate per-
ovskite, we expect the spin transition is occurring in the B
site while the fraction of Fe*" in the A site likely remains
high spin. This is supported by the magnitude of the volume
change of the transition which is consistent with the trend in
other rare earth perovskites with Fe’* confined only to the B
site (figure 6).

This pressure-instigated breakdown of Hund’s rule of
maximum spin forces energetically lower orbitals to become
occupied by a pair of electrons of opposite spin, leading to a

downsizing of the whole crystal structure without any sym-
metry change. The pressure-actuated close-packing arrange-
ment should also take into account the orientation and
occupancy of the valence electron orbitals at the relevant
crystal structure sites. Thus pressure is a powerful tool for the
controlled alteration of the physical and chemical properties of
materials. Be it subtle, gradual, or abrupt (phase-transitional),
pressure variation affects the short- as well as the long-range
behaviour of atoms or ions constituting or embedded in the
structure under investigation. The high-pressure high-to-low-
spin phase transition of YIP described above is a manifesta-
tion of the application of quantum mechanical principles, or,
more accurately, of the pressure-mediated breach of these
principles, in the macroscopic scale.

Conclusion

Static compression experiments were performed in the laser-
heated diamond anvil cell on yttrium iron garnet (Y3FesOs,
YIG) to a maximum pressure of 74 GPa and temperature of
~1800 K. At room temperature, we confirmed the sudden onset
of amorphization in YIG near 51 GPa. Upon laser heating of
either the garnet structure at 28 GPa or pressure-amorphized
material at 51 GPa, Y3FesO, transforms into an orthorhombic
perovskite structure (GdFeOs-type). Due to the absence of dif-
fraction peaks that would indicate the presence of iron oxide
(Fe,03), the composition of the synthesized perovskite (YIP)
was inferred to be (Y 75Feq25)FeOs, in agreement with other
low-pressure studies [18, 19]. The room-temperature equa-
tion of state of yttrium iron perovskite was measured from
28 to 74 GPa. The sample was observed to undergo an iso-
symmetric volume change of 6.8% between 46 GPa and 50
GPa. The persistence of the YIP peaks and the pressure range
and volume change of the discontinuity are consistent with a
high-spin to low-spin transition in Fe** in the B site of yttrium
iron perovskite. Our results are consistent with the observed
behaviour of spin transitions in other ferric iron-containing
perovskites with Fe’* occupying the octahedral B site [47].
Additional studies, such as x-ray emission spectroscopy and
Mossbauer spectroscopy, are needed to further characterize
the high-pressure transition in this material.
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