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The magnetic P-T phase diagram of langasite BazTaFe;Si>O,4 at high
hydrostatic pressures up to 38 GPa
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The langasite-type crystals with 3d ions are considered as a class of multiferroics in which
ferroelectricity can be induced by the magnetic ordering. In this paper, the high-pressure magnetic
states of the langasite-type powdered sample BasTaFe;Si,0,4 have been investigated in a diamond
anvil cell by the nuclear forward scattering of synchrotron radiation technique at different
temperatures in hydrostatic conditions. In the pressure range of 0 <P < 19.5 GPa, an increase of
the Neel temperature Ty from 27 to 41 K was observed in the antiferromagnetic phase of the
material. At pressures ~19.5 GPa, a transition to another magnetic phase with huge increase in the
Neel temperature to ~120K was found. We attribute this change to the structural transition at
~19.5 GPa which is evidenced by a drastic change of Raman spectra at this pressure. A tentative

magnetic P-T phase diagram of Bas;TaFe3Si,0,4 is proposed. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4822422]

The BasTaFe3Si,O4 compound has the trigonal crystal
structure of the Ca3;Ga,Ge,Oy4 type (space group P321,
Z=1) and belongs to the iron containing langasite family.'~
Langasite La3GasSiO 4, which gave the name to the whole
family, is a crystal with unique piezoelectric properties that
exceed those of quartz, and it also has interesting combina-
tion of luminescent, laser, and nonlinear optical properties.’
Crystal structure consists of tetrahedral layers, parallel to the
ab plane, separated along the ¢ axis with the layers consist-
ing of oxygen octahedrons and large polyhedrons
(Fig. 1)."* The Fe’" ions in the 3f tetrahedra form a net of
triangle clusters on a hexagonal lattice in planes parallel to
the ab plane (Fig. 1).!

The competition between intra-layer and interlayer
super-exchange interactions leads to a frustrated magnetic
structure,®’ which can result in the 120° spin arrangement in
the triangle lattice of iron magnetic moments. Such 120°
spin ordering in the iron triangles within ab layers was
recently found in the neutron diffraction measurements of
the similar compound Ba3NbFe3Si2014.L9 When alternating
the ab layers along the c axis, the iron moments of each tri-
angle rotate by ~51° forming a helical structure.” The
detailed description of this magnetically ordered structure
and its theoretical consideration can be found elsewhere.'®!!

The splitting of crystallographic iron sites into two mag-
netic sublattices, which was found at 7 < 27 K by Mossbauer
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spectroscopy in the BasTaFe;Si>0,4,>® was associated with
the structural phase transition induced by the magnetic order-
ing at ambient pressure. Depending on chemical composi-
tion, the correlation between the 7Ty value and the
Mossbauer-spectra isomer shift /S was found, which reveals
that Ty increases significantly with the strengthening cova-
lence of Fe-O bonds in the 3f tetrahedral sites.® In particular,
the Ty value for the compounds with Sb>" ions in 1a octahe-
dra is about 30% higher than in the compounds with Nb”"
and Ta®>". Thus, one can expect strong pressure dependence

®Fe ®Si eO

'4
C
( Ba b 0—1

FIG. 1. The unit cell of the iron langasite Ba;TaFe;Si,Oy4 crystal structure
of the Ca3Ga,GesOy4 type (space group P321, Z=1). The Fe’* and Si*"
ions are inside of blue and green oxygen tetrahedrons, respectively. The
Ba>" ions (grey color) are in Thompson cubes (not shown), while Ta>* jons
are inside of yellow octahedrons.
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of magnetic properties, in particular Ty, due to compression
of Fe-O bonds.

It is shown below that the pressure-induced behavior of
iron ions in the tetrahedral sites of the langasite-type com-
pounds differs dramatically from their behavior in octahedral
coordination, which was previously investigated in many
strongly correlated transition metal oxides. 12-23

In this work, polycrystalline langasite BasTaFe3;Si,O4
compacts and powder samples have been studied under high
pressure in a diamond-anvil cell** (DAC) by Raman spec-
troscopy and by the nuclear forward scattering (NFS) of syn-
chrotron radiation (SR) in the temperature range of
20-300K and at pressures from ambient to 38 GPa. The
pressure dependence of the Neel temperature was calculated
from the experimental data and magnetic P-T phase diagram
was plotted and analysed.

Polycrystalline sample of the iron-containing langasite
Ba;TaFe;Si,0y4 was synthesized by the solid-phase sintering
from compacted mixtures of corresponding salts and oxides. Iron
in the sample was enriched with the *’Fe isotope up to 50 wt. %,
and the sample had deep yellow coloration. The phase composi-
tion was controlled by X-ray powder diffraction and by the trans-
mission M&ssbauer spectroscopy.” The lattice parameters of
Ba;TaFe;Si,014 are a = 8.539(1) and ¢ = 5.234(1) A%,

For high-pressure experiments, polycrystalline compacts
were squeezed between diamond anvils in DAC to form flat
plates with the thickness 3—10 pum, which fits well the size of a
pressure chamber. At room temperature, the Ba;TaFe;Si,O4
sample platelet with dimensions of about 70 x 70 x 3 (um)’
was placed into DAC. The cullet size was about 270 um and
the diameter of the hole in the rhenium gasket where the sam-
ple was placed was about 120 um. The pressure medium was
He in the NFS experiment and Ne in the Raman scattering
experiment, and it was clamped in DAC at pressure of about
2 kbar. A standard ruby fluorescence technique was used to
measure pressure. Several ruby chips with dimensions of about
5 um were placed at different distances from the center of the
gasket hole in order to evaluate the pressure gradient in the
chamber. The accuracy in pressure measurements and pressure
variations within the cell was ~0.2 GPa.

The room-temperature synchrotron Mossbauer experi-
ments (NFS) were performed on the BasTaFe;Si,Oq4
samples at high pressures up to 49.4GPa, and the low-
temperature experiments—at pressure up to ~38 GPa. At
every temperature scan, the NFS spectra were measured in
the temperature region from ~20 to 300 K. The measure-
ments were done with the nuclear resonant scattering equip-
ment at the 16ID-D beam-line at the Advanced Photon
Source (APS, Argonne, USA) in 24-bunch mode.

Raman scattering measurements were made at room
temperature at pressures up to ~30 GPa at both compression
and decompression cycles.

The high-pressure evolution of Raman spectra of
Ba;Ta’"Fe;Si,0,4 shown in Fig. 2(a) reveals small changes
in shape of the spectra at ~6.8 GPa and a drastic change in
the spectra between 19.5 and 20.3 GPa. At P > 20.3 GPa, the
sharp peaks completely disappear transforming into two very
broad maxima. Pressure behaviour of Raman peaks positions
demonstrates more clearly the appearance of successive tran-
sitions at ~6.8 and 19.5GPa (Fig. 2(c)). During
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decompression (Figs. 2(b) and 2(d)), we observed large hys-
teresis (of about 16 GPa) which is indicative of a first-order
type of the structural phase transition with a large energy
barrier between low- and high-pressure phases. The Raman
spectra above 19.5GPa are much broader, which may be
related to the small grain size and possibly even to amor-
phous structure of the high-pressure phase. At decompres-
sion to ambient pressure, Raman spectral shape returns to
original sharp peaks characteristic of the low-pressure (LP)
crystalline structure. These findings support the diffuse-like
transition of the first order type with strong reconstruction of
crystalline structure possibly involving large volume effect.
This picture is also supported by the large hysteresis of the
inverse transition at decompression.

The possible structural transitions in langasite family
crystals were considered and observed experimentally in
Ref. 25. In particular, the change of trigonal symmetry (sp.
gr. P321) into monoclinic (sp. gr. A2-C2) was found in
La;SbZn;Ge,0,4 at temperature decrease as well in
La3Nb 5Gas 50,4 and La;Taj sGas sOq4 crystals under high
pressure of ~12 GPa.?® It was shown that the lowering sym-
metry transitions P321 — P3 and P321 — C2 are the most
probable in the langasite family.

The room temperature evolution of NFS spectra in
Ba3Ta57Fe3Si2014 at high pressures is shown in Fig. 3(a).
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FIG. 2. The pressure evolution of Raman spectra of the BazTaFe;Si,O4
(50% Fe-57) sample at room temperature: (a) compression, (b) decompres-
sion. The pressure dependences of the most intense Raman peaks at com-
pression (c) and decompression (d). Two anomalies at ~6.8 and ~19.5 GPa
imply structural transitions. The hysteresis of about ~17 GPa at decompres-
sion is a signature of a first-order type transition with a large volume drop.
The pressure medium was Ne.
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FIG. 3. The evolution of NFES spectra of the BayTaFe;Si,014 (50% Fe-57)
sample during compression at room temperature (a). The pressure depend-
ence of OS at >’Fe nuclei (b) calculated from the NFS spectra: thombic sym-
bols. The pressure medium was He. The QS values at pressures between
ambient and 6.5 GPa we determined from the Mossbauer absorption meas-
urements (triangle-up symbols).

The quadrupole splitting (QS) values calculated from the
spectra reveal a drastic stepwise changes at pressures of
~6.8 and ~20GPa (see Fig. 3(b)), which correlates with
possible structural transitions observed in the Raman scatter-
ing experiments.

The QS value drops down from ~1.2 mm/s to ~0.9 mm/s
indicating the first transition at ~6.8 GPa. Then QS decreases
from ~0.9 to ~0.6 mm/s in the region 6.8—20 GPa, and starts
to increase again at P > 20 GPa indicating the second transi-
tion. After transition at ~20 GPa, the QS value increases line-
arly to ~1.17mm/s at ~50GPa. It should be noted that in
addition to the stepwise jump of the QS value at the transi-
tions, the pressure slope of OS converts from negative to posi-
tive sign after the transition at 19.5 GPa.

The NFS spectra of nuclear resonance forward scatter-
ing from >7Fe nuclei in BasTaFe;Si,Oy4 recorded at selected
pressures in the temperature (7) region between 20 and
300K are shown in Fig. 4. The spectra represent the intensity
of scattered synchrotron radiation depending on the time af-
ter SR pulse. In our experiment, we have optimised the thick-
ness of the sample to have only quantum-beats”’ in the time
spectra (see optimisation procedure in Ref. 28). The NFS
spectra were processed by the MOTIF program developed
by Shvyd’ko.?

As shown in Fig. 4, the high-frequency quantum beats
of the magnetic nature are present in the spectra at low T
indicating the magnetic ordering of the iron ions. With T
increase, only low-frequency quantum beats can be seen in
the NES spectra, revealing the paramagnetic state (Fig. 4).
Disappearance of the magnetic quantum beats at certain T
indicates the transition from the magnetically ordered state
to the paramagnetic state. Based on the analyses of the NFS
spectra, we have derived the Néel temperatures Ty of the
sample at each pressure.

The low-frequency quantum beats appear to be a result
of the electric quadrupole interaction of the °’Fe nuclei with
the electric field gradient at the local iron sites. The quality
of NFS spectra in paramagnetic state above Ty provides
enough accuracy to determine the QS of the nuclear levels.
We have found that the one-doublet model of the spectra
gives good fitting result in accordance with the Mossbauer

Appl. Phys. Lett. 103, 162402 (2013)
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FIG. 4. The temperature evolution of NFS spectra of the BazTaFe;Si,O4
(50% Fe-57) powder sample at several fixed pressures. Symbols are the ex-
perimental points; solid lines are the result of fitting to the MOTIF model.
The pressure medium was He.

transmission spectra studies.” However, the fitting of
the spectra in the antiferromagnetic state below Ty is not a
simple task. As was found in Ref. 2, the iron sites in
Ba;TaFe;Si,044 are split into two or more magnetic sublatti-
ces at T < Ty, and the resonance lines are broaden due to dis-
tribution of magnetic hyperfine field Hy¢ at iron nuclei in
non-equivalent positions. Our NFS spectra also indicate a
narrow but detectable distribution of the Hys values. The
MOTIF program is not developed enough for powder sam-
ples when a distribution of the H;; values and directions
needs to be taken into account. However, we found that the
use of 4-sextets model for the simulation of the Hy distribu-
tion allow to obtain the average values of the field (Hy) with
rather high accuracy (with an error of ~2 Tesla). This error
is comparable with the symbol sizes in the Fig. 5. The (Hyy)
values calculated for different pressure-temperature condi-
tions are shown in Fig. 5.

Previously, we have shown'? that the dependence of Ty
on pressure can be calculated from an empirical function
which describes the pressure-temperature dependence of the
field Hy(P, T),

Hys(P,T) = Hpf(P,0) x exp(—oc TNTP)) X [1 - TNiP)}ﬁ'
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FIG. 5. The evolution of temperature dependence of magnetic hyperfine
field (Hyg)(T) at pressure increase. Symbols are the experimental values of
(Hyg) obtained from NFS spectra of Fig. 2. Solid lines are the empirical ana-
lytical function (Eq. (1)) fitted to experimental points.

Here, H,¢(P,0) is the pressure dependence of H,¢ at zero tem-
perature, & and /3 are the parameters of the empirical function
which can be found from the fit of Eq. (1) to the experimen-
tal dependence Hy,¢(T). From our previous precise Mossbauer
measurements,” we know the value of H,¢(0,0) =45.0 Tesla,
the exact behaviour Hy(T) at P=0, and the value of
Tn(P=0)=27.2K. Fitting the Hu«(T,0) curve to Eq. (1)
gives «=0.01 and = 0.21.

From NFS data, we have found that the parameters of the
empirical function (Eq. (1)) are 2 =0.01 and §=0.17 for the
low-pressure phase (at P < ~19.5 GPa), whereas oo = 0.01 and
= 0.145 for the high-pressure phase (at P > 20 GPa).

The fits of empirical function (Eq. (1)) to experimental
points for every pressure are shown by solid lines in Fig. 5.
It was found that there is a very weak pressure dependence
of the H,«(T = 0 K) value. Extrapolation of all fits in Fig. 5 to
T=0K gives values of the magnetic hyperfine field Hy,
(T=0K)=48 = 1 Tesla.

Thus, we have established that the Ty value gradually
increases from 27.2 to 41 K at pressure rise from ambient to
P =19.5GPa, and then it dramatically jumps up to 120K as
the result of the structural transition. Evidently, it can be
explained by large sensitivity of super-exchange interaction
to the structural reorganization of Ba3Ta57Fe3Si2014. The
pressure slopes of Ty before and after structural transition at
19.5 GPa are ~0.97 K/GPa and ~0.49 K/GPa, respectively.

On the basis of obtained data, we plot a tentative mag-
netic P-T phase diagram (Fig. 6), which shows various mag-
netic states of BajTaFe;Si,Oq4 at different pressures and
temperatures. The dashed vertical lines at P=6.8 and
19.5 GPa and solid lines separate the paramagnetic PM1 and
PM2 and antiferromagnetic AFM1 and AFM2 phases in
“LP” region (P < 19.5GPa). At P >19.5GPa, a paramag-
netic PM3 and antiferromagnetic AFM3 phases occur in the
HP phase. The solid lines in Fig. 6 separate the antiferromag-
netic (AF) and the paramagnetic (PM) states developing at
T < Ty and T > Ty, respectively.

One of the fundamental problems in the high-pressure
investigations is a search for possible spin crossover transi-
tion at iron ions Fe®" from the high-spin (HS, S = 5/2) to the
low-spin (LS, S = 1/2) state.

Appl. Phys. Lett. 103, 162402 (2013)
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FIG. 6. The tentative magnetic P-T phase diagram of langasite Ba;TaFe;
Si;014 (50% Fe-57) at hydrostatic compression up to ~38 GPa. The dashed
vertical lines indicate structural transitions at pressure increase. The
triangle-up symbol at P =0 GPa is the Neel temperature obtained at ambient
pressure from the Mossbauer absorption measurements (Ref. 6).

Such a transition was observed and explained in many
experimental and theoretical studies for octahedrally coordi-
nated Fe’ " ions in many oxides,>' with notable exception of
spinel-type structures with much smaller octahedra at ambi-
ent conditions, where lower-pressure spin transitions have
been observed.?*!

In the langasite-type crystals iron ions occupy the tetra-
hedral oxygen sites, and it is important to find out—what
pressure should be expected for the spin-crossover transition
in such materials?

To calculate the effective Hubbard parameter U™ at dif-
ferent pressures, we take U° s =FEns(d + Ensd® -
2Eys(d”) at P < P, and U™} ¢ = E; o(d*) + E; 5(d°) - 2E; (&%)
at P> P.. Where Eygs(d*), Ensps(d®) and Eygys(d®) — are
the HS and LS terms for d*, d° and d° configurations respec-
tively, and P. — is the pressure value of spin-crossover
transition.

For tetrahedral sites, we calculate the HS and LS terms
using methods outlined in Refs. 15, 32, and 33. Calculation
details can be found in Supplementary Materials (see Ref.
34). Finally,

Uys = U+ 4 — 10Dg(P) at P < P,

U s =U at P > P.. @
Thus, WffHS linearly decreases down to (U+J) at P=P,,
then it drops down to U™, g =U at P > P,.

These calculations show that for the tetrahedral sites,
one has the effect of decreasing correlations under pressure
similar to that in the octahedral sites.

The important result of our consideration is almost one
order of magnitude higher value for the pressure of the spin-
crossover in tetrahedral sites with respect to the octahedral
sites. Nevertheless, there are several other possibilities of the
HS — LS spin-crossover in tetrahedral position. One of the
possibilities is the structural transition with re-coordination
of iron ions from tetra- to octa-environment of ligands. If
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such a transition would occur at pressures 40-70GPa or
higher, it could initiate the immediate HS — LS spin-
crossover in electronic system of Fe®" ions.

We have investigated the high-pressure properties of the
langasite type Bas;Ta’’Fe;Si,O14 compound in hydrostatic
pressures up to 38 GPa and at low temperatures down to
20K. At pressures ~19.5GPa, a magnetic transition with
huge increase in the Neel temperature was observed.
Relative to the ambient pressure, the Ty value is increased
by about a factor of four (from 27.2 to 120 K). The structural
transition at ~19.5 GPa, revealed by Raman spectroscopy, is
most likely a first-order type transition. This conclusion is
supported by the drastic change of Raman spectra and by the
large hysteresis of the inverse transition at decompression.
Strong pressure dependence of Ty could be explained by
high sensitivity of super-exchange interaction to compres-
sion. This sensitivity could be explained by a strong depend-
ence of super exchange on bond-angle, which changes
substantially at the structural transition. Preliminary theoreti-
cal consideration predicts much higher pressure value of the
spin-crossover transition HS(S =5/2) — LS(S = 1/2) for tet-
rahedron environment (about 800 GPa) in comparison with
octahedron environment (about 70 GPa).

Up to date, only few multiferroic crystals have parame-
ters appropriate for practical use, therefore, any possibility to
find another materials suitable for applications is important.
We have demonstrated a possibility of drastic increase
(almost 4 times) of the Neel temperature in langasite due to
structural change induced by modest pressure. In principle,
there is a possibility to find a chemical composition that
would influence the crystals by imposing “chemical” pres-
sure or find a thin film substrate capable of inducing stresses
sufficient to induce high values of Ty. Our results may help
to understand how the langasite structure could be modified
by chemical engineering to increase critical temperatures,
thus creating materials of practical importance.
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