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Abstract

The crystal and magnetic structures of Pry 15519 ssMnO3; manganite have been studied by
means of powder X-ray and neutron diffraction in the temperature range 10-400 K at high
external pressures up to 55 and 4 GPa, respectively. A structural phase transition from cubic to
tetragonal phase upon compression was observed, with large positive pressure coefficient of
transition temperature d7./dP = 28(2) K/GPa. The C-type antiferromagnetic (AFM) ground state
is formed below 7y = 260 K at ambient pressure. While at ambient pressure the structural and
magnetic transition temperatures are close, 7. ~ TN, upon compression they become decoupled
with 7Ty << T, due to much weaker 7y pressure dependence with coefficient d7n/dP = 3.8(1)

K/GPa.



1. Introduction

Manganites of perovskite type Ln;A,MnOs (Ln — lanthanum or rare earth, 4 - alkali earth
elements) exhibit rich magnetic and electronic phase diagrams depending on the kind of Ln, A4
elements and their ratio [1]. These systems show for particular compositions an extreme
sensitivity of magnetic, structural, electronic, transport properties to external fields, and have
attracted considerable interest with respect to the recently discovered colossal magnetoresistance
(CMR) effect.

The properties of manganites depend substantially on a balance between the
ferromagnetic (FM) interactions mediated by itinerant charge carriers (double - exchange
mechanism [2-4]) and the superexchange interactions between localized spins of manganese ions,
which are generally antiferromagnetic (AFM) [5]. The FM double exchange is usually stronger
than AFM superexchange for the doping levels x < 0.5, while for higher x values AFM
superexchange interaction becomes dominant. Thus, magnetic phase diagrams of manganites
with a large average radius of A-site cation <r,> - La;Sr,MnOs [6], Pr;,Sr;MnOs3 [6-8] and to
some extent also Nd;.,.Sr,MnOj [9] follow in narrow composition range 0.45 < x < 0.85 a general
trend in the evolution of magnetic ground states: FM metallic - A-type AFM metallic - C-type
AFM insulating state.

Recently it was found that the application of high pressure also leads to various
modifications of magnetic structure of Pr;SryMnOs; manganites, x ~ 0.5 [10, 11]. In
Pr.52S19.4sMnO; a suppression of the initial FM state and appearance of the A-type AFM ground
state was observed. In Pry44Sros¢MnO; with the initial A-type AFM ground state at ambient
pressure an onset of the C-type AFM state was revealed at high pressure [10]. These high
pressure effects were successfully explained on the basis of the theoretical calculations of the
generalized phase diagram of manganites with a doping level x > 0.5 [12] in terms of
enhancement of the superexchange AFM interactions upon the bond lengths contraction.

While previous studies of Pri,Sr,MnO; were mainly focused at x ~ 0.5 region, high
pressure behavior of compounds with larger x values in the vicinity of the boundary between C-
type and G-type AFM states of the magnetic phase diagram still remains unclear. In the present
study, we have investigated the crystal and magnetic structure of Pry 551y ssMnO3; manganite by

X-ray and neutron diffraction at high pressures up to 55 and 4 GPa, respectively.



2. Experimental

The Pry5SrossMnO3; compounds were prepared by solid state reaction at high
temperature. Homogenized mixtures of PrsO;;, SrCO3; and MnO; were first heated three times at
1000 °C with intermediate grindings to achieve decarbonation. The powders were then pressed
into pellets and sintered at 1500 °C in air for 12 hours. Afterwards, the sintered samples were
slowly cooled to room temperature.

The angle-dispersive X-ray diffraction patterns at high pressures up to 55 GPa and
ambient temperature were measured at the system consisting of a high-brilliance FRD rotating
anode generator (Mo K, radiation with A=0.7115 A) FluxMax focusing optics, and Bruker APEX
CCD area detector [13]. The two-dimensional XRD images were converted to convention alone-
dimensional diffraction patterns using the FIT2D program [14]. The sample was loaded in
diamond anvils cell [13] in the Re gasket with admixed LiF as a pressure transmitting medium.
The pressure was determined by the ruby fluorescence technique.

Additional energy-dispersive X-ray diffraction experiments at pressures up to 4 GPa in the
temperatures range 290 - 400 K were carried out at the beamline F2.1 (HASYLAB-DESY,
Hamburg) using the multianvil X-ray system MAXS80. The sample was placed in the cylindrical
boron nitride container with an internal diameter of 1 mm. The upper half was filled with the
sample, the lower half-contained sodium chloride powder for pressure calibration. The cubic
boron-epoxy chamber with sample container was compressed by six tungsten carbide anvils in a
large hydraulic press. Diffraction spectra were recorded in an energy dispersive mode using white
synchrotron X-rays from the storage ring DORIS III. The ring operated at 4.5 GeV and a positron
current of 80-150 mA. The incident X-ray beam was collimated to 100 x 100 pm with a
divergence smaller than 0.3 mrad. Spectra were recorded by a Ge solid-state detector with a
resolution of 153 eV at 5.9 keV resulting in a resolution of diffraction patterns of Ad/d = 1%. The
Bragg angle 26 was fixed at 9.089°, counting times for each diffraction pattern were about 10
min.

Neutron powder diffraction measurements at high external pressures up to 4 GPa were
performed at selected temperatures in the range 16 - 300 K with the DN-12 spectrometer [15] at
the IBR-2 high-flux pulsed reactor (FLNP JINR, Dubna, Russia) using the sapphire anvil high
pressure cells [16]. The sample volume was about 2 mm®. A special cryostat constructed on the

base of closed cycle helium refrigerator was used to create a low temperature on the sample.



Several tiny ruby chips were placed at different points of the sample surface. The pressure was
determined by the ruby fluorescence technique with the accuracy of 0.05 GPa at each ruby chip
and the pressure value on the sample was determined by averaging of values obtained at different
points. The estimated inhomogeneity of the pressure distribution on the sample surface was less
than 15 %. Diffraction patterns were collected at scattering angles 45.5° and 90°. The
spectrometer resolution at A =2 A is Ad/d = 0.022 and 0.015 for these angles, respectively. The
typical data collection time at one temperature was 20 h.

Experimental data were analysed by the Rietveld method using MRIA [17] and Fullprof
[18] programs.
3. Results and discussion
3.1. X-Ray diffraction

The x-ray diffraction patterns of the PrysSrossMnQOj; at selected pressures and ambient

temperature are shown at fig. 1.
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Fig. 1. X-ray diffraction patterns of Prg ;55v9.ssMnQO; measured at pressure P=0, 2.9, 9.4, 22.0,

29.5 GPa at room temperature and processed by the Rietveld method. The experimental points,
calculated profiles and Bragg peak positions (for cubic phase at P = 0 GPa) are shown. The

diffraction peaks from Au added for pressure calibration and Re gasket are also marked.



At ambient conditions, the cubic phase with space group Pm 3 m was evidenced. At
pressures above 2 GPa a splitting of diffraction peak at 26 = 21.2° was observed, indicating a
structural transition to a phase with lower symmetry. From the analysis of experimental data by
Rietveld method it was found that the high pressure phase of Pry ;5SrossMnQOs3 has the tetragonal
I14/mcm symmetry, which is a consequence of MnOg octahedral tilt of the 00c™ kind. The unit cell
of this structure is quadrupled with respect to the simple perovskite subcell (lattice parameters a,
~ ap\/i and ¢, = 2a,). The cubic to tetragonal transition occurs in Prg 15519 3ssMnO3 at ambient

pressure on cooling at 7 = 270 K [19] and observation of tetragonal phase at high pressures and

ambient temperature implies a positive value of d7./dP pressure coefficient.
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Fig. 2. Pressure dependencies of the unit-cell volume fitted by the Birch-Murnaghan equation of

state and lattice parameters of Prg 155r.ssMnQOs at room temperature fitted by linear functions.

The pressure dependences of lattice parameters and unit cell volume for tetragonal phase of
the Prg;5SrossMnOs were shown at fig. 2. The volume compressibility data were fitted by the
third-order Birch—Murnaghan equation of state [20]:

P= ;Bo(xm —x )+ i(B’ S L V) O



where x = V/V} is the relative volume change, ¥} is the unit cell volume at P = 0; By and B’ are
the bulk modulus By = —V (dP/dV)r and its pressure derivative B’ = (dBy/dP)r. The calculated
values for tetragonal phase of the Pry;5SrossMnOs are By = 225(8) GPa, B> = 4(1) and V,
=223.4(8) Al are comparable with those found for Prg 5,Sr94sMnOs [11] and Lag sCagsMnO; [21].

In order to study pressure evolution of the cubic-tetragonal transition temperature,
additional energy dispersive x-ray diffraction experiments were performed at pressures up to 4
GPa. The structural phase transition point was clearly indicated by appearance of splitting

between (220) and (004) diffraction peaks (fig. 3).

420

400

Intensity (arb.units)

260- 1 N 1 N 1 N 1

0 1 2 3 4
P (GPa)

Fig. 3. The pressure dependence of cubic-tetragonal phase transition temperature. Solid line
represents a linear fit to the experimental data. The T, value at P = 0 was taken from [19]. In

inset: The parts of X-ray diffraction patterns at pressure P=1.6 GPa, T = 290 and 390 K.

The obtained pressure dependence of 7, demonstrates a linear increase with rather large

coefficient dT./dP = 28(2) KxGPa"'. The thermal expansion coefficients a:%/(d %T)P for



Pry.15S19.8sMnO; was calculated to be 1.23(8) x 107 K™! for cubic phase at ambient pressure and
1.4(5) x 10 K™ for tetragonal phase at P=3.7 GPa.
3.2. Neutron diffraction

Neutron diffraction patterns of Pry ;5SrossMnO; taken at P = 0 and 2.2 GPa, 7= 300 and
16 K are shown in fig. 4. On cooling, appearance of magnetic peaks located at dn ~ 3.15 and
5.32 A was observed below Neel temperature, Ty ~ 260 K at P = 0 (fig. 4), evidencing the
formation of the C-type AFM state [7, 19]. At ambient pressure, the onset of long range magnetic
order is accompanied by the structural transformation from the cubic Pm 3 m to the tetragonal
14/mcm phase with marked lattice elongation, while at P > 2.2 GPa the lattice distortion occurs
within the tetragonal phase of /4/mcm symmetry.

In the C-type AFM structure manganese moments form ferromagnetic chains along the
tetragonal c-axis with antiferromagnetic coupling between neighboring chains [7, 19]. The
analysis of temperature dependencies of Mn magnetic moments shows that 7y value increases
upon compression with pressure coefficient d7n/dP = 3.8(9) K/GPa (fig. 5), which is much
smaller than one for cubic-tetragonal structural phase transition, d7./dP = 28(2) K/GPa. It it
worth mentioning that the values of 7x = 295 K and T.=380 K achieved at pressure 4 GPa
approach the values reported at ambient pressure for Pr;«SryMnO; with lower strontium content,
x~0.75 [8].

The calculated from Rietveld refinement of neutron diffraction data structural parameters
for the cubic and tetragonal phases of Pry 15Sr 3sMnQOj at selected pressures and temperatures and
ordered Mn magnetic moments values are presented in Table 1. At P = 0 the results agree well

with previous investigations [19].
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Fig. 4. Neutron diffraction patterns of Pry 155r9.ssMnOs measured at P = 0 and 4 GPa, T
= 290 (upper panel) and 16 K (bottom) at scattering angle 260 = 90° and processed by the
Rietveld method. The experimental points, calculated profile and difference curve (for P = 4
GPa) are shown. Ticks represent the calculated positions of the nuclear peaks of the the I14/mcm

tetragonal phase and magnetic peaks of the C-type AFM state.
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Fig. 5. Temperature dependencies of Mn magnetic moments for the C-type AFM tetragonal
phase of Pry 155r).ssMnQOs normalized to the moment value for T = 16 K at different pressures.
The lines represent interpolation of experimental data by functions /'y = A(1-(T/Ty)*)’, 4 ~
1.0002), a =2.40(5) p~0.38(5).

As concerns the paramagnetic phase of Prg5SrgssMnOs at ambient temperature, the
external pressure brings about the tilt of MnOg octahedra (the Mn-O2-Mn bond angle deviates
from 180°), but their geometry within the /4/mcm symmetry remains nearly regular with about
the same Mn-O1 and Mn-O2 bond lengths. The corresponding tetragonal distortion parameter is
close to unity, ¢ = lm-o1/Ilmn-02 = 0.989 at P = 2.2 GPa. The onset of the antiferromagnetic long
range order is followed by noticeable elongation of MnOg octahedra, the ¢ value increases up to
1.022 at P =2.2 GPa and T = 16 K. Such structural distortion is a result of the d(3z*-+%) e, orbital

polarization, characteristic for the C-type AFM ground state [19]. With an increase of pressure at



T =16 K (fig. 6a) the Mn-O2 bond lengths lying in the (ab) plane decrease more rapidly in

comparison with Mn-O1 bond lengths oriented along the ¢ —axis.

Table 1. Structural parameters of PrgsSrossMnQOs; manganites at different pressures and
temperatures. In the cubic phase (space group Pm 3 m) atomic positions are: Pr/Sr — 1(a) (0, 0,
0), Mn — 1(b) (0.5, 0.5, 0.5) and O — 3(c) (0.5, 0.5, 0). In the tetragonal phase (space group
14/mcm) atomic positions are: Pr/Sr — 4(b) (0, 0.5, 0.25), Mn — 4(c) (0, 0, 0), OI — 4(a) (0, 0,
0.25), 02 - 8(h) (x, 1/2+x, 0). Values of Mn magnetic moments for C-type tetragonal AFM state
of Pry.158ry.ssMnQj; obtained at T = 16 K are listed.

P, GPa 0 22 4.0
T, K 300 16 300 16 300 16
Sp. gr. Pm3m 14/mem 14/mem 14/mcem 14/mcem 14/mcem
a, A 3.822(1) 5.359(1) |5.406(1)| 5.323(1) 5.391(1) 5.294(1)
c, A 3.822(1) 7.759(2) | 7.568(2) | 7.711(2) 7.553(2) 7.685(2)
02:
X - 0.268(3) |0.237(1) | 0.267(1) 0.239(1) 0.267(1)
y - 0.768(3) |0.737(1) | 0.767(1) 0.739(1) 0.767(1)
Mn-O1 1.911(1) 1.940(1) | 1.892(1) 1.928(1) 1.888(1) 1.921(1)
Mn-02 - 1.899(1) | 1.914(1) 1.887(1) 1.908(1) 1.876(1)
AMn-02-Mn - 171 (1) 173.9(6) 172.0(4) 175.1(6) 172.4(4)
e i 3.0(1) 3.2(1) 2.3(1)
Ry, % 6.93 8.51 9.72 11.51 10.07 11.75
Ryp, % 5.83 7.70 7.84 10.12 9.00 12.33

The calculated linear compressibility kym-0i = (1/(Lym-0i)p=0)(dlym-0i/dP)r (i = 1, 2) values
for the Mn-O1 bond length, k.0, = 0.0025 GPa™ and k.02 = 0.0031 GPa™ for Pro 15Sro.5sMnO;
at T =16 K, respectively. Upon compression the Mn-O2-Mn bond angle lying in the (ab) plane
of the tetragonal structure of Pry ;5SrossMnQj; increases slightly at 7= 16 K (fig. 6b). The value
of the Mn-O1-Mn bond angle oriented along the c-axis is equal to 180°.
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Fig. 6. a). Pressure dependencies of Mn-O bond lengths in 14/mcm tetragonal phases of
Pry 155r9.8sMnQOs as functions of pressure at T = 16 K. Solid lines represent linear fits to the

experimental data. b).Pressure dependencies of Mn-O2-Mn bond angles in the 14/mcm tetragonal
phases of Pry 155rg.ssMnOs at T = 16 K.

The strontium concentration value x = 0.85 is located very close to one x = 0.9
corresponding to a phase boundary between C-type and G-type AFM states in Pr;SryMnOs [6,
7]. Due to stronger dependence of superexchange AFM interactions with respect to double
exchange FM ones on average Mn-O distance, one would expect an occurrence of C-type — G-

type AFM transition upon compression according to the predicted theoretical phase diagram [22].

In the G-type AFM state there are superexchange AFM interactions between localized
spins formed by #,, electrons only along all crystallographic directions. In contrast, in the C-type
AFM state there is FM double exchange interaction mediated by e, electrons along the ¢ axis and
AFM superexchange interactions, similar to those for the G-type AFM state, in the ac plane. The
stability of the C-type AFM state in Pry;5SrossMnO3; demonstrates that FM double exchange
interactions along the c-axis still remain dominant over AFM superexchange ones in the studied

pressure range up to 4 GPa.
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General trends in behavior of 7y of insulating antiferromagnets due to volume change can
be analysed using the empirical Bloch’s rule din7Tn/dInV =~ (10/3) [23]. For Pry 5SryssMnQO3 the
calculated value is dInTn/dInV = 3.05, rather close to expected (10/3) one.

4. Conclusions

The results of our study show that Prg ;5Sry ssMnO3; undergoes a structural phase transition
from cubic to tetragonal modification upon compression, with large and positive pressure
coefficient of the transition temperature. The C-type AFM ground state remains stable in the
investigated pressure range up to 4 GPa. The pressure coefficient of Neel temperature is also
positive but much smaller in comparison with that for the structural transition temperature.
Subsequently, while at ambient pressure the onset of the antiferromagnetic long range order is
accompanied by a structural cubic-tetragonal phase transformation, 7 = 270 K, at high pressure
structural and magnetic phase transitions become decoupled, in particular 7 = 375 K, Tn= 295

K at 4 GPa.
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