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Abstract

The crystal and magnetic structure of manganite Lag7Sro3MnO3 has been
studied in the pressure range 0—7.5 GPa and the temperature range 4-300 K.
The ferromagnetic state of Lag 7519 3MnO3 remains stable in the whole studied
pressure range. The Curie temperature increases as d7¢/dP = 4.3 K GPa™!.
Unlike the manganites with orthorhombic crystal structure, the pressure-
induced increase of 7¢ in Lag7Sro3MnO; having the rhombohedral crystal
structure of R3¢ symmetry may be explained by modification of structural
parameters only. The difference between the properties of manganites with
rhombohedral and orthorhombic structures under high pressure is discussed in
terms of the symmetry of MnOg octahedra.

1. Introduction

Manganites of perovskite type A;_,A'MnO; (A—rare earth, A’—alkali earth elements)
exhibit rich magnetic and electronic phase diagrams depending on the A-site elements and their
ratio. They have attracted considerable interest with respect to the recently discovered colossal
magnetoresistance (CMR) effect [1]. For the optimum doping range x ~ 0.3 manganites
generally exhibit a ferromagnetic metallic state below the Curie temperature 7¢c which is
governed by the double-exchange interaction [2—4]. The ferromagnetic arrangement of the
localized tyg spins is mediated by the itinerant e, electrons via the on-site Hund’s rule coupling
Ju. The magnetic and transport properties of double-exchange ferromagnets are controlled
by the one-electron bandwidth W, which is proportional to the Mn—O—Mn electron transfer
integral and Tc o« W in the strong coupling limit (Jg > W) [5]. The bandwidth can be
effectively tuned by the ‘internal’ pressure (variation of the average A-site ionic radius (ra)) or
high external pressure via changes of the Mn—O distance and the Mn—O—Mn bond angle. Both
the increase of (rn) and the application of external pressure lead to the increase of 7¢ [6-9].
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The one-electron bandwidth also depends substantially on the electron—phonon coupling
effects coming from the long range cooperative Jahn-Teller (JT) distortion of MnOg
octahedra [10]. Such effects are pronounced in the optimally doped manganites with the
orthorhombic crystal structure of the Pnma symmetry ((ra) < 1.22 A) and strongly reduced
for those with the rhombohedral structure of the R3¢ symmetry ((ra) > 1.22 A), as found in
the study of compounds Lay3(Ca,_ Sry)1,3MnO; [11].

The investigations of manganites Ao ¢7A( ;;MnO;3 (A = La, Pr, Sm, Nd, Y; 10%/ = Ca, Sr)
having the orthorhombic crystal structure of the Pnma symmetry with 1.124 A < (ra) <
1.147 A [9] and Lag 75Cag25MnO3 ({ra) = 1.207 A) [12] revealed that the observed variation
of T¢ (which coincides with the insulator—-metal transition temperature 71y) under high
pressure does not correspond to that expected from the modification of structural parameters
only. The experimental d7¢/dP value in the low pressure range was about an order of
magnitude larger than the estimation obtained from the consideration of structural parameter
variation. The rest of the observed bandwidth modification was attributed to the electron—
phonon coupling effects. The application of high pressure also leads to the suppression of
the initial FM state and appearance of the A-type layered antiferromagnetic (AFM) state in
manganites Lag ¢7Cag33MnO5 [13] and Pry7Cag3MngoFey 03 [14] with the orthorhombic
crystal structure of Pnma symmetry.

The high pressure effects on the structural and magnetic properties of the optimally
doped manganites with the rhombohedral crystal structure of the R3¢ symmetry are less
studied. In this case the static long range cooperative Jahn—Teller distortion is forbidden by
the symmetry and the relevant electron—phonon coupling effects which would affect the one-
electron bandwidth are negligible. Hence, the interplay between the variation of the structural
parameters and the relevant modification of the one-electron bandwidth and 7¢ in the optimally
doped manganites (x ~ 0.3) under high pressure may be explored directly by the study of high
pressure effects on the crystal and magnetic structure of rhombohedral manganites.

Manganites La;_,Sr,MnO; have the rhombohedral structure of the R3¢ symmetry for
x > 0.18 [15]. The compound Lag7Srp3MnO3 exhibits the metallic-like temperature
behaviour of resistivity and transforms to the ferromagnetic (FM) state at 7c ~ 370 K [15].
Magnetic and transport properties of Lag7Sro3MnO3; were studied in the moderate pressure
range up to 1 GPa only [16]. It was found that the 7¢ increases under high pressure with
dTc/dP ~ 5 K GPa~'. This value is much smaller in comparison with that obtained in the
same pressure range for the manganites with a close chemical content but the orthorhombic
crystal structure—Lag 75CagosMnQs, d7¢/dP ~ 23 K GPa~! [12] and Lags7Cag33MnO3,
d7c/dP =~ 13K GPa~'[9, 17], respectively.

In the present work, the interplay between the structural and magnetic properties of
manganite Lag7Srg3MnOs3 is investigated by neutron diffraction in the extended pressure
range up to 7.5 GPa.

2. Experimental details

The compound Lag7Srp3MnO3 was prepared by a solid state reaction as described in detail
in [18].

The crystal structure of Lag7Sro3MnOs; was investigated using the Pearl/HiPr
diffractometer at the ISIS pulsed neutron spallation source (Rutherford Appleton Laboratory,
UK). The Paris—Edinburgh high pressure cell [19] was used with a 4:1 volume mixture of fully
deuterated methanol—ethanol as a pressure transmitting medium. A TiZr encapsulated gasket
of 90 mm? initial volume was used to attain nearly hydrostatic compression of the sample in the
studied pressure range [20]. For the pressure determination, NaCl as a reference material [21]
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Figure 1. Neutron diffraction patterns of Lag7Sro3MnOs3, measured at the Pearl/HiPr
diffractometer at P = 2.2, 5.0 and 7.5 GPa and ambient temperature and processed by the Rietveld
method. Experimental points, calculated profiles and difference curve (for P = 2.2 GPa, bottom)
are shown. The ticks below represent calculated positions of diffraction peaks of Lag 7Srg 3MnO3
(bottom row), tungsten carbide (WC) coming from the anvils of the high pressure cell (middle row)
and NaCl used as reference material for pressure determination (top row) at P = 2.2 GPa.

was admixed to the sample in ~1:2 volume proportion. Diffraction patterns were collected by
a detector bank covering the scattering angle range 83° < 20 < 97°. The experiments were
performed in the pressure range 0-7.5 GPa at ambient temperature. Typical data collection
time was about 3 h. The diffraction data were analysed by the Rietveld method using the
general structure analysis system (GSAS) [22].

The magnetic structure of Lag 7Sro3MnO3 was investigated with the G6.1 diffractometer
at the Orphée reactor (Laboratoire Léon Brillouin, France). The incident neutron wavelength
was 4.74 A. The sample with a volume of about 1 mm? was loaded in the sapphire anvil high
pressure cell [23]. Several tiny ruby chips were placed at different points on the sample surface
and the pressure was determined by a standard ruby fluorescence technique. Measurements
of the pressure distribution on the sample yield typical pressure inhomogeneities of +5%.
Neutron focusing systems [24] and special cadmium protection were used to increase the
neutron flux at the sample position and achieve a low background level, respectively. The
measurements were performed in the pressure range 0-5.8 GPa and temperature range 4—
295 K. A typical data collection time was about 4 h. The diffraction data were analysed by the
Rietveld method using the FULLPROF programme [25].

3. Results

Neutron diffraction patterns of Lag7Srg3MnO3 measured at different pressures and ambient
temperature at the Pearl/HiPr diffractometer are shown in figure 1. Over the whole studied
pressure range (0-7.5 GPa) Lag7Sro3MnO; retains the rhombohedral structure of R3¢
symmetry. The structural parameters obtained from the Rietveld refinement of the diffraction
data at selected pressures and ambient temperature are presented in table 1. The hexagonal axis
setting was used for the refinement. The values of structural parameters at ambient pressure
and temperature agree well with ones obtained in [26].
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Table 1. Structural parameters of Lag 7Srg 3MnO3 at selected pressures and ambient temperature.
The hexagonal axis setting was used. The atomic positions are Mn—6(b) (0, 0, 0), La/Sr—6(a)
(0, 0, 0.25) and O—18(e) (x, 0, 0.25) of the space group R3c. Values of Mn-O bond lengths and
Mn—-O-Mn bond angles are also presented.

P (GPa) 0 22 5.0 75

a(A) 5.5038(4) 5.4816(2) 5.4527(2)  5.4294(3)
c(d) 13.3542)  13.298(1)  13.227(1)  13.167(1)
0, x 0.4569(6)  0.4585(4)  0.4593(4)  0.4612(4)

Mn-O (A)  1.954(2)  1.945(1)  1.934(1)  1.925(1)
Mn-O-Mn 166.1(2)° 166.6(1)° 166.8(1)°  167.4(1)
R, (%) 11.76 6.76 6.06 5.89
Ryp (%) 6.47 3.99 3.68 3.82

The obtained unit cell volume versus pressure dependence for Lag 75193 MnO; is shown
in figure 2. The compressibility data were fitted by the third-order Birch—-Murnaghan equation
of state [27]:

P =3By(x P —x A1+ 3B - Hx P 1), (1

where x = V/ Vj is the relative volume change, Vj is the unit cell volume at P = 0, and By and
B’ are the bulk modulus (By = —V (dP/dV)7) and its pressure derivative (B’ = (dBy/d P)r).
The calculated values By = 167(5) GPa and B’ = 4(1) are comparable with those
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By = 178 GPa and B’ = 4 determined for the manganite Laj75Cap5MnO;3 [28] with the
orthorhombic structure of Pnma symmetry. The pressure dependence of lattice parameters
is also shown in figure 2. The linear compressibilities k; = —(1/a;0)(da;/dP)r (a; = a, c)
along the a and ¢ axes are nearly the same, k, ~ k. = 0.0018(2) GPa~!. These values are
close to those reported for lattice parameters of Lag 75Cag 25 MnO5 [28].

In the rhombohedral structure of Lagy7Srg3MnOs the MnOg octahedra consist of Mn—-O
bonds of equal length and Mn—O-Mn bond angles of equal value. With the pressure increase
the Mn—O bond length decreases (figure 3) and the Mn—O—Mn bond angle increases (figure 4)
nearly linearly.

Neutron diffraction patterns of Lag 75193 MnO; obtained at P = 4.5 GPa and temperatures
300 and 4 K at the G6.1 diffractometer are shown in figure 5. An increase of the intensity of
the diffraction peaks (012) and (110)/(104) with the temperature decrease from 300 to 4 K
due to the FM contribution was observed in the whole studied pressure range up to 5.8 GPa.
The temperature dependences of the Mn magnetic moment at different pressures determined
from the Rietveld refinement of the diffraction data are shown in figure 6. The obtained values
of Mn magnetic moments at high pressures, u &~ 2.4(1) ug at T = 300 K and p ~ 3.4(1) up
at T = 4 K, are close to those obtained at ambient pressure [15, 20]. In order to obtain
the pressure dependence of the Curie temperature, «(7") data were fitted by the function
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Figure 6. Temperature dependences

A L L L L 1 L L L L 1 L L L L 1 L L L I:
0.00 100 200 300 400 of the Mn magnetic moment at
different pressures fitted by the
T: K function described by equation (2).

describing the temperature dependence of the magnetic moment of ferromagnetic materials in
the molecular field model [29]:
izBS(ﬁiE>, @
Mo S+1 Mo T
where By is the Brillouin function, S is the spin of the system (S = 3/2) and u is the
magnetic moment at 7 = (. The obtained pressure dependence of 7¢ is shown in figure 7. It
increases nearly linearly from 7¢c = 370 K at P = 0 (this point was taken from the study of
magnetic properties of this sample at ambient pressure [18]) to 395 K at P = 5.8 GPa with
dTc/dP = 4.3 4+ 1.1 K GPa~!. This value agrees well within the experimental error with
dTc/dP = 5.3 K GPa~! obtained in the study of Lag 7Srp3MnOj3 in the pressure range up to
1 GPa [16].

4. Discussion

The dependence of the one-electron bandwidth W ~ T¢ on the Mn—O bond length / can be
expressed as W ~ [ and its dependence on the Mn—O-Mn bond angle ¢ can be written, to
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first order, as W ~ COSZ((p) [9, 30]. Therefore, one obtains [9]
(1/Tc)(dTc/dP) = 3.5k; — 2 tan(p)pk,,, 3)

where k; = —(1/lp)(dl/dP) and k, = (1/¢p)(de/dP). Equation (3) gives
(1/Tc)(dTc/dP) = 0.0084 GPa~! and d7¢/dP = 3.1 KGPa™! using the values of
k; = 0.0020 GPa~! and k, =0.0010 GPa~!, obtained from the present structural data.

The calculated value of d7c/dP = 3.1 K GPa~! is in agreement with the experimental
one 4.3 K GPa~!. Thus, the pressure behaviour of T¢ in Lag 7Sro3MnOj3 can be explained in
terms of the modification of structural parameters only.

One of the important factors responsible for the difference between the properties of the
manganites with a rhombohedral and orthorhombic crystal structure and the optimal doping
level x ~ 0.3 is the relevant symmetry of MnOg octahedra. In the crystal structure of
manganites with the rhombohedral R3¢ symmetry MnOg octahedra are isotropic with equal
Mn-O bond lengths and Mn—-O-Mn angles and the electron—phonon coupling effects are
negligible due to the absence of the static long-range cooperative JT distortion. In the crystal
structure of the compounds with a lower orthorhombic Pnma symmetry there are three pairs
of Mn—O bonds of different length and two different Mn—O—Mn bond angles. The enhanced
electron—phonon coupling arising from the static cooperative JT distortion modifies the one-
electron bandwidth and its high pressure behaviour becomes more complicated and cannot be
described by the structural effects only, as was found for manganites Ag 67A(, ;;MnO3 (A =La,
Pr,Sm,Nd; Y, A’ = Ca, Sr) with 1.124 A < (ra) < 1.147 A [9]and Lay 75Cag25MnO3 ({ra) =
1.207 A) [12]. The study of manganites Lay/3 (Cal_ySry)l ,3MnOj3 at ambient pressure [11]
also revealed that enhanced lattice effects are responsible for different properties of the samples
with the orthorhombic structure in comparison with those having the rhombohedral structure.

The isotropy of the MnOg octahedra in the rhombohedral structure of Lag7Sry3MnO;
would also be responsible for the stability of the FM state under high pressure. In the
compounds Lag ¢7Cag 33Mn0O3 [13] and Pry;Cap3MngoFeq O3 [14] with a close chemical
composition but the orthorhombic structure of Pnma symmetry a suppression of the FM
state and the concurrent appearance of the layered A-type antiferromagnetic (AFM) state was
observed at high pressure. The pressure-induced stabilization of the A-type AFM state in
Lag ¢7Cap 33Mn0O;3 and Pry7Cag3MngoFe( O3 was related to the anisotropic contraction of
the MnOg octahedra along the crystallographic b-axis which creates favourable conditions for
appearance of the d(,>_,2) orbital polarization, prerequisite for the A-type AFM order [13, 14].
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5. Conclusions

In summary, results of our study show that the ferromagnetic state of Lag 7Sty 3MnO3 remains
stable in the investigated high pressure range and the pressure-induced increase of the Curie
temperature may be explained in the framework of the double-exchange model by consideration
of the structural effects only. The important factor responsible for such a behaviour is the
isotropy of the MnQOg octahedra in the rhombohedral crystal structure of Lag7Sro3MnO;
which results in the absence of the static long-range cooperative JT distortion and the related
electron—phonon coupling effects which strongly affect the properties of manganites with a
less symmetric orthorhombic structure.
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