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‘É·Ê±ÉÊ·´Ò¥ ¨ ³ £´¨É´Ò¥ Ë §μ¢Ò¥ ¶¥·¥Ìμ¤Ò ¢ Pr0,15Sr0,85MnO3

¶·¨ ¢Ò¸μ±μ³ ¤ ¢²¥´¨¨

Š·¨¸É ²²¨Î¥¸± Ö ¨ ³ £´¨É´ Ö ¸É·Ê±ÉÊ·  ³ ´£ ´¨É  Pr0,15Sr0,85MnO3 ¡Ò² 
¨¸¸²¥¤μ¢ ´  ³¥Éμ¤ ³¨ ·¥´É£¥´μ¢¸±μ° ¨ ´¥°É·μ´´μ° ¤¨Ë· ±Í¨¨ ¢ É¥³¶¥· ÉÊ·´μ³
¤¨ ¶ §μ´¥ 10Ä400 Š ¶·¨ ¢Ò¸μ±¨Ì ¢´¥Ï´¨Ì ¤ ¢²¥´¨ÖÌ ¤μ 55 ¨ 4 ƒ�  ¸μμÉ¢¥É-
¸É¢¥´´μ. �·¨ ¢Ò¸μ±μ³ ¤ ¢²¥´¨¨ μ¡´ ·Ê¦¥´ ¸É·Ê±ÉÊ·´Ò° Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¨§
±Ê¡¨Î¥¸±μ° ¢ É¥É· £μ´ ²Ó´ÊÕ Ë §Ê ¸ ¶μ²μ¦¨É¥²Ó´Ò³ ¡ ·¨Î¥¸±¨³ ±μÔËË¨Í¨¥´-
Éμ³ ¤²Ö ±·¨É¨Î¥¸±μ° É¥³¶¥· ÉÊ·Ò ¶¥·¥Ìμ¤  Å dTct/dP = 26(2) K/ƒ� . �¨¦¥
TN ≈ 280 K Ëμ·³¨·Ê¥É¸Ö  ´É¨Ë¥··μ³ £´¨É´μ¥ (�”Œ) ¸μ¸ÉμÖ´¨¥ ‘-É¨¶ . �·¨
´μ·³ ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ É¥³¶¥· ÉÊ·Ò ¸É·Ê±ÉÊ·´μ£μ ¨ ³ £´¨É´μ£μ Ë §μ¢ÒÌ ¶¥·¥Ìμ-
¤μ¢ ¸μ¢¶ ¤ ÕÉ: Tct ≈ TN. �·¨ ¢Ò¸μ±μ³ ¤ ¢²¥´¨¨ μ´¨ ¸É ´μ¢ÖÉ¸Ö · §²¨Î´Ò³¨:
TN � Tct Å ¨§-§  ¡μ²¥¥ ¸² ¡μ° ¡ ·¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ TN ¸ ±μÔËË¨Í¨¥´Éμ³
dTN/dP = 3,8(1) K/ƒ� .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
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‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2010

Kozlenko D. P. et al. E14-2010-26
Structural and Magnetic Phase Transitions in Pr0.15Sr0.85MnO3

at High Pressure

The crystal and magnetic structures of Pr0.15Sr0.85MnO3 manganite have been
studied by means of powder X-ray and neutron diffraction in the temperature range
10Ä400 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 coefˇcient of transition temperature dTct/dP = 26(2) K/GPa.
The C-type antiferromagnetic (AFM) ground state is formed below TN ≈ 280 K.
While at ambient pressure the structural and magnetic transition temperatures coin-
cide, Tct ≈ TN, upon compression they become decoupled with TN � Tct due to
much weaker TN-pressure dependence with coefˇcient dTN/dP = 3.8(1) K/GPa.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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INTRODUCTION

Manganites of perovskite type Ln1−xAxMnO3 (Ln Å lanthanum or rare
earth, A Å alkali earth elements) exhibit rich magnetic and electronic phase dia-
grams depending on the kind of Ln, A elements and their ratio [1]. These systems
show for particular compositions an extreme sensitivity of magnetic, structural,
electronic, transport properties to external ˇelds, and have attracted consider-
able 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 [2Ä4]) and the superexchange interactions between localized
spins of manganese ions, which are usually 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 〈rA〉 Å La1−xSrxMnO3 [6], Pr1−xSrxMnO3 [6, 7] and
to some extent also Nd1−xSrxMnO3 [8] 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 modi-
ˇcations of magnetic structure of Pr1−xSrxMnO3 manganites, x ∼ 0.5 [9, 10]. In
Pr0.52Sr0.48MnO3 a suppression of the initial FM state and appearance of the
A-type AFM ground state were observed. In Pr0.44Sr0.56MnO3 with the initial
A-type AFM ground state at ambient pressure an onset of the C-type AFM state
was revealed at high pressure [9]. 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 [11] in terms of enhancement
of the superexchange AFM interactions upon the bond lengths contraction.

While previous studies of Pr1−xSrxMnO3 were mainly focused on 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 crys-
tal and magnetic structure of Pr0.15Sr0.85MnO3 manganite by X-ray and neutron
diffraction at high pressures up to 55 and 4 GPa, respectively.

1



1. EXPERIMENTAL

The Pr0.15Sr0.85MnO3 compounds were prepared by solid-state reaction at
high temperature. Homogenized mixtures of Pr6O11, SrCO3 and MnO2 were
ˇrst heated three times at 1000 ◦C with intermediate grindings to achieve decar-
bonation. The powders were then pressed into pellets and sintered at 1500 ◦C
in air for 12 h. 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 Kα radiation with λ = 0.7115 	A)
FluxMax focusing optics, and Bruker APEX CCD area detector [12]. The two-
dimensional XRD images were converted to convention alone-dimensional dif-
fraction patterns using the FIT2D program [13]. The sample was loaded in dia-
mond anvils cell [12] in the Re gasket with admixed LiF as a pressure transmitting
medium. The pressure was determined by the ruby 
uorescence technique.

Additional energy-dispersive X-ray diffraction experiments at pressures up
to 4 GPa in the temperature range 290Ä400 K were carried out at the beamline
F2.1 (HASYLABÄDESY, Hamburg) using the multianvil X-ray system MAX80.
The sample was placed in the cylindrical boron nitride container with an internal
diameter of 1 mm. The upper half was ˇlled 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 80Ä150 mA. The incident
X-ray beam was collimated to 100 × 100 μm 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 Δd/d ≈ 1%.
The Bragg angle 2θ was ˇxed 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 16Ä300 K with the
DN-12 spectrometer [14] at the IBR-2 high-
ux pulsed reactor (FLNP JINR,
Dubna, Russia) using the sapphire anvil high-pressure cells [15]. The sample
volume was about 2 mm3. 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 
uorescence 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
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patterns were collected at scattering angles 45.5 and 90◦. The spectrometer
resolution at λ = 2 	A is Δd/d = 0.022 and 0.015 for these angles, respectively.
The typical data collection time at one temperature was 20 h.

Experimental data were analyzed by the Rietveld method using MRIA [16]
and Fullprof [17] programs.

2. RESULTS AND DISCUSSION

2.1. X-Ray Diffraction. The X-ray diffraction patterns of Pr0.15Sr0.85MnO3

at selected pressures and ambient temperature are shown in Fig. 1.
At ambient conditions, the cubic phase with space group Pm3̄m was evi-

denced. At pressures above 2 GPa a splitting of diffraction peaks at 2θ = 21.2◦

was observed, indicating a structural transition to a phase with lower symmetry.
From the analysis of experimental data by the Rietveld method it was found

Fig. 1. X-ray diffraction patterns of Pr0.15Sr0.85MnO3 measured at pressures P = 0, 2.9,
9.4, 22.0, 29.5 GPa at room temperature and processed by the proˇle matching method.
The experimental points, calculated proˇle and Bragg peak positions for cubic phase (at
P = 0 GPa) are shown. The addition diffraction peaks from high-pressure cell materials
are marked
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that high-pressure phase of Pr0.15Sr0.85MnO3 has the tetragonal I4/mcm sym-
metry. The unit cell of this structure is quadrupled with respect to the simple
perovskite subcell (lattice parameters at ≈ ap

√
2 and ct ≈ 2ap). The cubic to

tetragonal transition occurs in Pr0.15Sr0.85MnO3 at ambient pressure on cooling
at Tct ≈ 280 K and observation of tetragonal phase at high pressures and ambient
temperature implies a positive value of dTct/dP pressure coefˇcient.

The pressure dependences of lattice parameters and unit-cell volume for
tetragonal phase of Pr0.15Sr0.85MnO3 were shown in Fig. 2. The volume com-
pressibility data were ˇtted by the third-order BirchÄMurnaghan equation of
state [18]:

P =
3
2
B0

(
x−7/3 − x−5/3

) [
1 +

3
4

(B′ − 4)
(
x−2/3 − 1

)]
, (1)

where x = V/V0 is the relative volume change, V0 is the unit-cell volume at
P = 0; B0 and B′ are the bulk modulus B0 = −V (dP/dV )T and its pres-
sure derivative B′ = (dB0/dP )T . The calculated values for tetragonal phase of
Pr0.15Sr0.85MnO3 are B0 = 225(8) GPa, B′ = 4(1) and V0 = 223.4(8) 	A3 are
comparable with those found for Pr0.52Sr0.48MnO3 [10] and La0.5Ca0.5MnO3 [19].

Fig. 2. Pressure dependences of the unit-cell volume ˇtted by the BirchÄMurnaghan equa-
tion of state and lattice parameters of Pr0.15Sr0.85MnO3 at room temperature ˇtted by
linear functions

In order to study pressure evolution of the cubicÄtetragonal transition temper-
ature, additional energy-dispersive X-ray diffraction experiments were performed
at pressures up to 4 GPa. The structural phase transition point was clearly indi-
cated by appearance of splitting between (220) and (004) diffraction peaks (Fig. 3).

The obtained pressure dependence of Tct demonstrates a linear increase
with rather large coefˇcient dTct/dP = 26(2) K/GPa. The thermal expan-
sion coefˇcients α = 1/V (dV/dT )p for Pr0.15Sr0.85MnO3 were calculated to
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Fig. 3. The pressure dependence of cubicÄtetragonal phase transition temperature. Solid
lines represent linear ˇts to the experimental data. In insert: The parts of X-ray diffraction
spectra at pressure P = 1.6 GPa and at ambient temperature and T = 390 K

be 1.23(8) ·10−5 K−1 for cubic phase and 1.4(5) ·10−5 K−1 for tetragonal phase
at P = 3.7 GPa.

2.2. Neutron Diffraction. Neutron diffraction patterns of Pr0.15Sr0.85MnO3

taken at P = 0 and 2.2 GPa, T = 300 and 16 K are shown in Fig. 4. On cooling,
appearance of magnetic peaks located at dhkl ≈ 3.15 and 5.32 	A was observed
below Neel temperature, TN = 280 K at P = 0 (Fig. 4), evidencing the formation
of the C-type AFM state [7, 20]. At ambient pressure, the onset of long-range
magnetic order is accompanied by the structural transformation from cubic to
tetragonal phase, while at P > 2.2 GPa it occurs within the tetragonal phase of
I4/mcm symmetry.

In the C-type AFM structure manganese moments form ferromagnetic chains
along the tetragonal c-axis with antiferromagnetic coupling between neighbor-
ing chains [7, 20]. The analysis of temperature dependences of Mn magnetic
moments shows that TN value increases upon compression with pressure coef-
ˇcient dTN/dP = 3.8(9) K/GPa (Fig. 5), which is much smaller than that for
cubicÄtetragonal structural phase transition, dTct/dP = 26(2) K/GPa.

The calculated from the Rietveld reˇnement of neutron diffraction data struc-
tural parameters for the cubic and tetragonal phases of Pr0.15Sr0.85MnO3 at se-
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Fig. 4. Neutron diffraction patterns of Pr0.15Sr0.85MnO3 measured at P = 0 and 2.2 GPa,
T = 300 (a) and 16 K (b) at scattering angle 2θ = 90◦ and processed by the Rietveld
method. The experimental points, calculated proˇle and difference curve (for P = 4 GPa)
are shown. Ticks represent the calculated positions of the nuclear peaks of the I4/mcm
tetragonal phase and magnetic peaks of the C-type AFM state

6



Fig. 5. Temperature dependences of Mn magnetic moments for the C-type AFM tetragonal
phase of Pr0.15Sr0.85MnO3 normalized to the moment value for T = 16 K at different
pressures. The line is a guide for eye only

Structural parameters of Pr0.15Sr0.85MnO3 manganites at different pressures and tem-
peratures. In the cubic phase (space group Pm3̄m) atomic positions are: Pr/Sr Å 1(a)
(0, 0, 0), Mn Å 1(b) (0.5, 0.5, 0.5) and O Å 3(c) (0.5, 0.5, 0). In the tetragonal phase
(space group I4/mcm) atomic positions are: Pr/Sr Å 4(b) (0, 0.5, 0.25), Mn Å 4(c)
(0, 0, 0), O1 Å 4(a) (0, 0, 0.25), O2 Å 8(h) (x, 1/2 + x, 0). Values of Mn magnetic
moments for C-type tetragonal AFM state of Pr0.15Sr0.85MnO3 obtained at T = 16 K
are listed

P , GPa 0 2.2 4.0
T , K 300 16 300 16 300 16

Sp. gr. Pm3̄m I4/mcm I4/mcm I4/mcm I4/mcm I4/mcm

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)
O2:
x Å 0.268(3) 0.237(1) 0.267(1) 0.239(1) 0.267(1)
y Å 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-O2 Å 1.899(1) 1.914(1) 1.887(1) 1.908(1) 1.876(1)

∠Mn-O2-Mn Å 171 (1) 173.9(6) 172.0(4) 175.1(6) 172.4(4)
μAFM, μB Å 3.0(1) Å 3.2(1) Å 2.8(1)

Rp, % 6.93 8.51 9.72 11.51 10.07 11.75
Rwp, % 5.83 7.70 7.84 10.12 9.00 12.33

lected pressures and temperatures and ordered Mn magnetic moments values are
presented in Table. At P = 0 they agree well with previous investigations [20].
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In the tetragonal phase of Pr0.15Sr0.85MnO3 at high pressures and ambient
temperature the MnO6 octahedra are nearly isotropic with about the same Mn-O1
and Mn-O2 bond lengths. The corresponding tetragonal distortion parameter is
close to unity, t = lMn-O1/lMn-O2 ≈ 0.989 at P = 2.2 GPa. The onset of the
antiferromagnetic long-range order is followed by noticeable elongation of MnO6

octahedra, the t value increases up to 1.022 at P = 2.2 GPa and T = 16 K.
Such structural distortion is a result of the d(3z2 − r2) eg orbital polarization,
characteristic for the C-type AFM ground state [20]. With an increase of pressure
at T = 16 K (Fig. 6, a) the Mn-O2 bond lengths lying in the (ab) plane decrease
more rapidly in comparison with Mn-O1 bond lengths oriented along the c-axis.

Fig. 6. a) Pressure dependences of Mn-O bond lengths in I4/mcm tetragonal phases of
Pr0.15Sr0.85MnO3 as functions of pressure at T = 16 K. Solid lines represent linear ˇts to
the experimental data. b) Pressure dependences of Mn-O2-Mn bond angles in the I4/mcm
tetragonal phases of Pr0.15Sr0.85MnO3 at T = 16 K

The calculated linear compressibility kMn-Oi = (1/(lMn-Oi)P=0)(dlMn-Oi/dP )T

(i = 1, 2) values for the Mn-O1 bond length, kMn-O1 = 0.0025 GPa−1 and
kMn-O2 = 0.0031 GPa−1 for Pr0.15Sr0.85MnO3 at T = 16 K, respectively. Upon
compression the Mn-O2-Mn bond angle lying in the (ab) plane of the tetragonal
structure of Pr0.15Sr0.85MnO3 increases slightly at T = 16 K (Fig. 6, b). The
value of the Mn-O1-Mn bond angle oriented along the c-axis is equal to 180◦.

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 Pr1−xSrxMnO3 [6, 7]. Due to stronger dependence of superex-
change AFM interactions with respect to double exchange FM ones on average
Mn-O distance, one would expect an occurrence of C-typeÄG-type AFM transi-
tion upon compression according to the predicted theoretical phase diagram [21].
The stability of the C-type AFM state in Pr0.15Sr0.85MnO3 demonstrates that FM
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double-exchange interactions along the c-axis still remain dominant over AFM
superexchange ones over the studied pressure range up to 4 GPa.

CONCLUSIONS

The results of our study show that Pr0.15Sr0.85MnO3 undergoes a structural
phase transition from cubic to tetragonal modiˇcation upon compression with
large and positive pressure coefˇcient of the transition temperature. The C-type
AFM ground state remains stable in the investigated pressure range up to 4 GPa.
The pressure coefˇcient 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 cubicÄtetragonal phase transformation, at high
pressure structural and magnetic phase transitions become decoupled.

Acknowledgements. The work was supported by the RFBR grant No. 10-02-
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