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Abstract. The structure and magnetotransport properties of the A-site ionic ordered state
in Pr,_. Ba . MnO, . (6 =0, 0.025) have been investigated. The parent A-site ionic disordered

. . +,
Pr0'70]%2100‘301€/13§103 C(;rrﬁlpound is an orthorhombic (SG = Imma, Z = 4) ferromagnet with Curie tem-
perature T~ 173 K. It exhibits two peaks of electrical resistivity, at T, ~ 128 K and T, ~ 173 K, as
well as two peaks of magnetoresistance ~ 74 % and ~ 79 % in a field of 50 kOe. The parent A-site ionic
disordered Pr ., Ba , MnO, sample used in our studies has an average grain size ( D ) ~ 10.213 pm.
Successive annealing of this sample in vacuum P[O,] ~ 10 Pa and then in air at T = 800 °C leads
to the destruction of its initial grain structure and to its chemical separation into two phases: (i)
oxygen stoichiometric A-site ordered PrBaMn,O, with tetragonal (SG = P4/mmm, Z = 2) unit
cell and T_~ 313 K and (ii) oxygen superstoichiometric A-site disordered Pr , Ba  , , MnO, . with
orthorhombic (SG = Pnma, Z = 4) unit cell and T~ 133 K. It also exhibits a magnetoresistance
of ~ 14 % at ~ 313 K in a field of 50 kOe. This processed sample has a reduced average grain size
(D )~491 nm. The observed magnetic properties are interpreted in terms of chemical phase sepa-
ration, grain size, and A-site ionic ordering effects. The materials obtained in this work may be used
at the creation of the magnetic field sensors, as they have considerable magnetoresistance ( ~14% in

field of 50 kOe) at room temperature.
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MATHITOOIIIP ITPU KIMHATHI/ TEMITEPATYPI B MAHTAHITAX Pr,  Ba, ,,MnO,
3 YIIOPSI/IKYBAHHSIM B A-TTO3MIITT

C. B. Tpyxanos, A. B. Tpyxanoes, C. E. Botez, H. Szymczak

AnoTauis. ocimkeHo CTPyKTypy Ta MarHiTOTPAHCITOPTHI BIACTUBOCTI BHOPSIAKOBAHOTO CTaHY
B A-mio3uilii B MaHraHitax Pr , Ba , MnO, (6 =0, 0.025). BuxinHuii po3ynopsiikoBaHui B A-1o-
suuii ckian Pr, Ba . MnO, € opropom6iunum (SG = Imma, Z = 4) pepoMarHeTMKOM 3 TeMIIEpa-
Typoto Kropi T ~ 173 K. Bin niposiBJisie 1Ba miku eekrpuaHoro onopy mpu T, ~ 128 Ki'T, ~ 173 K,
a TaKoX /1B Mik1 MarHitoonopy ~ 74 % i~ 79 % y noni 50 kE. Leii 3pasok Pr,, Ba,, MnO, ckna-
JAEThCS 3 KPUCTAJIITIB i3 cepeaHiM po3mipoM { D ) ~ 10.213 um. IMocaigoBHuit Bigmaa Hboro 3pa3ka
y Bakyymi P[O,] =~ 10~ I1a, a motim Ha nosiTpi mpu T = 800 °C Bene no pyiiHyBaHHs #i0oro noyar-
KOBOI CTPYKTYpHM i XiMiYHOMY po3IIapyBaHHsSI Ha ABi ¢a3u: (i) cTeXioMeTpUYHYy MO KUCHIO BITO-
psankosaHy B A-nosuuii PrBaMn,O, 3 Terparonansoio (SG = P4/mmm, Z = 2) eJeMeHTapHOIO
KoMmipkoro i T~ 313 K i (ii) HafcTeXioMETPUYHOIO TIO0 KMCHIO PO3YMOPSIKOBAHOIO B A-TIO3HUILT
Pr,,,Ba, ,MnO, . 3 opropombiuHoio (SG = Pnma, Z = 4) eemenrapHolo komipkor i T~ 133 K.
Bin Takox miposiBisie Mmaruutoomnip ~ 14 % npu ~ 313 Ky o 50 KE. Lleit 3pa3ok ckiiagaeTbes i3
KPUCTAJIiTiB 3i 3MEHIIIEHUM cepelHiM po3MipoM ( D ) ~ 491 nm. CrocTepekyBaHi MarHiTHi Biac-
TUBOCTI iHTEPIPETYIOTHCS B MPUMYIIEHHI XiMiYHOTO (ha30BOrO po3IIapyBaHHS, a TaKOX edhek-
TiB PO3MIpPHOCTiI KPUCTAJIITIB i BHOPSAKYBaHHS KaTioOHiB B A-1to3uilii. OTpuMaHi B 1aHiil poOOTi
MaTepiau MOXYTb OyTM BUKOPHMCTaHi MPU CTBOPEHHI MaTYMKiB MarHiTHOTO TOJsI, TOMY IO BO-
JIOMIOTh 3HAYHUM MarHiToorniopoM ( ~14% y noqi 50 KE) npu KiMHaTHiii TeMmepatypi.

Kio4oBi ciioBa : ynopsiiKyBaHHS KaTiOHiB, MAHTaHiTH, MarHiTOOITip.
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AnnoTtamusg. McciienoBaHbl CTPYKTYpa M MarHUTOTPAHCIOPTHBIC CBOMCTBA YIIOPSIIOUYEHHOIO
COCTOSHUA B A-1103uLIMK B MaHraHuTax Pr . Ba , MnO,, . (5 =0, 0.025). McxoaHblii pasynopsio-

YeHHBIH B A-no3uuuu coctas Pr . Ba, . MnO, asigerca opropombuyeckum (SG = Imma, Z = 4)
(beppomarneTukoM ¢ remneparypoii Kiopu T, =~ 173 K. OH nposBJiseT 1Ba M1Ka 3JI€KTPUYECKOTO
conporusienus mpu T, ~ 128 Ku T, ~ 173 K, a Takxe Ba MMKa MarHUTOCONPOTUBJIECHUS ~ 74 %
u~79 % B none 50 k3. dror obpasen Pr ., Ba, ., MnO, COCTOUT U3 KPUCTAILIUTOB CO CPEAHUM Pa3-
mepom ( D ) = 10.213 um. IocnenoparenbHblii oTuUr s1oro oopasua B Bakyyme P[O,] ~ 10 [1a n
3aTeM Ha Bo3nyxe pu T = 800 °C BefeT K pa3pyLIEHUIO €r0 Ha4aJIbHOM CTPYKTYPhl U XUMUYECKOMY
pacciaoeH1Io Ha aBe ¢a3bl: (i) CTEXMOMETPUYECKON 110 KMCIIOPOAY YIOPSIOUYeHHON B A-MTO3UIIUN
PrBaMn, O, ¢ tetparonanbHoit (SG = P4/mmm, Z = 2) sneMmeHTapHOii sueiikoii u T~ 313 K u
(i) cBEpXCTEXMOMETPUIECKOIA TTO KMCIIOPOLY pasynopsiioueHHo B A-niosuuuu Pr  Ba, . MnO, .
¢ opropombuyeckoit (SG = Pnma, Z = 4) snemeHrtapHoii siueiikoit u T, ~ 133 K. OH Takxke mpo-
SBJIIET MarHuToconpotuBiieHue ~ 14 % npu ~ 313 K B mose 50 kB. DTOT 00pasell COCTOUT U3
KPUCTAIIJIUTOB C YMEHBIIIEHHBIM cpeaAHUM pasMmepoM ( D ) ~ 491 nm. HabmomaeMbie MarHUTHBIE
CBOIICTBa MHTEPIIPETUPYIOTCS B IPEAIIOI0XKEHNN XUMUUYECKOro (ha30BOro pacClioeHUs, a TaKxKe
3¢ HEeKTOB pa3MEPHOCTU KPUCTAJUIUTOB U YIOPSIIOYEHUSI KATUOHOB B A-1to3uliuu. IlonydeHHbIe
B JaHHO paboTe MaTepuasbl MOTYT OBITh MCIIOJIb30BaHbI MIPU CO3JaHUU JATIMKOB MarHUTHOTO
MOJIg, TaK KaK 00j1aJaloT 3HAYUTEJbHBIM MarHuToconpotusiecHueM ( ~14% B none 50 kD) nipu

KOMHAaTHOM TeMIIEpaType.
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Complex manganese oxides Ln,_D MnO,,
where Ln — trivalent lanthanide, D — divalent al-
kaline earth metal, with perovskite structure have
been extensively investigated [1] due to their re-
markable electrical and magnetic properties that
include the so-called colossal magnetoresistive ef-
fect [2]. While many factors determine the prop-
erties of manganites, the most important ones are
their electronic structure, which is related to the
ion type and stoichiometry, and their crystal struc-
ture, where the average ( Mn — O ) bond length and
the average { Mn — O — Mn ) bond angle play key
roles. For these materials the decrease of the lan-
thanide ion radius leads to decrease of the average
(Mn — O — Mn ) bond angle from 180° [3], and to
the reduction of both the eg-electron bandwidth,
W=cos(1/2[r-( Mn — O — Mn )]) /{ Mn — O )33
and the e,- -electron transfer integral b = b cos(
0,/2) [4]. Here by ~(Mn—0 — Mn)and 6
the angle between nelghbormg S, and S, spins. For
complex doped Ln, D MnO, manganites increas-
ing the dopant concentration x induces a trans-
formation from an antiferromagnetic insulator to
a ferromagnetic metal. The maximum values of
T, are reached for the optimal doping x ~ 0.3 [1].
Moreover, for a given hole concentration the mag-
netotransport properties of the doped manganites
are determined not only by the average A-site ionic
radius (r, )= (I-x)r, +xr,, but also by the size
mismatch at the A site represented by the variance

= >'xi’—(r,)’ (where i is A-site cation type)
[5]. Several theoretical models have been developed
in an attempt at explaining the physical properties
of complex manganites, including double exchange
interactions, superexchange interactions, or phase
separations with competitive exchange interac-
tions having opposite signs [6]. Cation ordering in
the perovskite structure is known to noticeably al-
ter the magnetotransport properties of manganites
even when ( r, ) and c? have fixed values. The A-site
disordered solid solution series Pr, Ba MnO, and
Nd, Ba MnO, exhibit the maximum values of T
(176 K [7] and 151 K [8]) for x ~ 0.30. Disordered
Pr,,,Ba,,MnO, and Nd ,Ba ,MnO, (x=0.50)
have lower T values: ~ 140 K [9] and ~ 80 K [10],
respectively. However, the A-site ordered com-
pounds PrBaMn,O, and NdBaMn,O, (where the
A-type antiferromagnetic state is the basic magnet-
ic one) show ferromagnet-paramagnet transitions
at ~ 320 Kand ~ 310 K [10]. It is interesting to note
that such properties are observed only for manga-
nites with the maximal (100%) degree of Ln** and

Ba?* cations ordering. Using special conditions
of treatment a series of solid solutions [LnBa,_
g]Ln[Lnlngag]Baano6 with various degrees of the
A-site ordering from 0 to 100% has been obtained
[11]. In this case the partial A-site disordering sup-
presses the antiferromagnetism and, as a result, the
La’*-, Pr3*-, and Nd*'-based solid solutions be-
come pure ferromagnets. Yet, the minimal value of
the Ba?* cation concentration for which the A-site
ordered state can be formed, as well as the synthesis
and microscopic details of such a state have been not
determined so far. Here we present the results of our
investigation on the structure and magnetotrans-
port properties of A-site disordered and ordered
phases in optimally doped Pr,, Ba, ,, MnO, . (6 =0
and 0.025) manganites with fixed (r, ) = 1.2663 A,
=0.0178 A2,

The polycrystalline oxygen stoichiometric A-
site disordered Pr . Ba , MnO, sample has been
obtained using conventional ceramic technol-
ogy. Oxides Pr,O,, and Mn,O, as well as carbon-
ate BaCO, (all of high-purity grade) have been
weighed in accordance with the cation ratio and
thoroughly mixed. Decarbonization and compac-
tion of the ceramic have been carried out by an-
nealing the sample in air for 2h at T=1100°C,
followed by crushing. The final synthesis has been
carried out in air at T = 1560 °C for 2 h. Then it was
slowly cooled down to room temperature at a rate
of 100°C/1 h to obtain an oxygen content close
to the stoichiometric value. The anion-deficient
sample has been obtained by the topotactic reac-
tion. The sample has been placed in an evacuated
(P~ 10-*Pa) and fused quartz ampoule together
with a certain amount of metallic tantalum, which
has been used as an oxygen getter. The quartz am-
poule containing the sample has been kept for 24 h
at T = 800 °C and then cooled to room temperature
at a rate of 100 °C/1 h. Reduction has been carried
out to the phase “ O, “ to satisfy the condition
Mn3* / Mn?* = 1. The oxygen content of the anion-
deficient Pr.:, Bags,Mn; 5 Mn;:,0:c, sample has been
determined by weighing before and after the reac-
tion. The anion-deficient sample was then subject-
ed to oxidation in air for 5 h at T = 800 °C to obtain
the nominal phase “ O, . After oxidation the oxy-
gen content has been monitored by weighing as well
as by chemical titration and it has been determined
to be 3.025 = 0.001. The chemical composition of
all the samples has been studied by a PHI Model
660 scanning Auger microprobe. X-ray diffraction
phase analysis has been carried out on a DRON-
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3M diffractometer using the Cu-K radiation in the
angular interval 20 deg <20 <80 deg. The X-ray
diffraction patterns have been analyzed by the Ri-
etveld method using the FullProof software. Grain
topography imaging was carried out using a Carl
Zeiss LEO1455VP scanning electron microscope.
The dc-resistivity of the samples has been measured
by standard four probe technique over a tempera-
ture range 3-350 K. Indium eutectic has been em-
ployed to deposit the contacts. The magnetoresis-
tance has been calculated according to the relation:
MR = {[p(H) - p(H=0)] / p(H=0)}*100%, where
MR is the negative isotropic magnetoresistance,
p(H) the resistivity in a magnetic field of 50 kOe,
and p(H=0) the resistivity without a magnetic field.

The analysis of the X-ray diffraction patterns
shown in Fig.1-a indicates that the oxygen stoi-
chiometric A-site disordered Pr, , Ba , MnO,
sample is well described (y>=2.77) by an ortho-
rhombic (SG = Imma, Z = 4) perovskite-like unit
cell (Fig.2-a) with parameters a = 5.5252(7) A,
b=17.7672(8) A, c=15.5076(7) A and
V =236.36(6) A3. These results are in good agree-
ment with previous data [12]. The X-ray diffrac-
tion patterns for the oxygen superstoichiometric
A-site ordered Pr, Ba , MnO, . sample (Fig. 1-
b) can be satisfactorily calculated (y>=2.91
(2.91)) only if two phases are considered: (i) ox-
ygen stoichiometric A-site ordered PrBaMn,O,
with a tetragonal (SG = P4/mmm, Z =2) unit
cell and (ii) oxygen superstoichiometric A-site dis-
ordered Pr ,Ba,  MnO, . with an orthorhombic
(SG = Pnma, Z = 4) unit cell. This is also in good
agreement with previous data. The volume ratio of
the two phases is V(PrBaMn,O,)/V(Pr,, Ba, ,,Mn
0, ,s) ~ 1. The use of the Imma or Pnma one-phase
mode and/or P4/mmm-+Imma two-phase mode as
well as the disregard of the tetragonal space group
P4/mmm considerably lower the quality of the Ri-
etveld refinement. The presence of the tetragonal
group P4/mmm indicates that the cation order-
ing is preserved. This type of distortion (SG = P4/
mmm, Z = 2) is associated with ordering of Pr**
and Ba?* cations in the (001) planes which implies
the unit cell doubling along the [001] direction. Di-
rect proof of cation ordering is the presence of (0 0
1/2) reflections in the X-ray diffraction patterns, as
well as the results of earlier electron diffraction and
high resolution electron microscopy experiments
on PrBaMn, O, [10]. Worthy of note is that the
ordering of Pr** and Ba?* cations not only reduces
the comparable unit cell volume of A-site ordered

8

phase by approximately 1% but also increases the
average ( Mn — O — Mn ) bond angle by approxi-
mately 6 %. It will be shown below that such mini-
mal changes in the crystal structure considerably
modify the magnetoresistance properties.
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Fig. 1. The diagram of powder X-ray diffraction at room
temperature for the oxygen stoichiometric A-site dis-
ordered Pr , Ba , MnO, (a) and oxygen superstoichio-
metric A-site ordered Pr , Ba , MnO, . (b) samples.
Experimental data (dark circles), fitting curve (solid
curve), admissible positions of Bragg reflections (verti-
cal segment) and the difference curve (lower solid curve).
Insert demonstrates the shape and widening of the Bragg
reflections.

Fig. 2 shows the grain topography obtained
by scanning electron microscopy for the oxygen
stoichiometric A-site disordered Pr , Ba , MnO,
and oxygen superstoichiometric A-site ordered
Pr . Ba, , MnO, . samples. The noticeable de-
crease in the average grain size for the oxygen super-
stoichiometric A-site ordered Pr , Ba , MnO, .
sample (after the reduction-reoxidization reac-
tion) from micrometer to nanometer size can be
explained by the intense diffusion of ions as well
as by the ordering of the oxygen vacancies in the

shape of complex surfaces over which the destruc-
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tion of the material occurs. As it can be observed,
the nanograins combine to form a mosaic struc-
ture spanning the entire ceramic. The grain size
variation interval for the oxygen superstoichio-
metric A-site ordered Pr ,Ba ,MnO, . sam-
ple is 0.254 +0.901 um, whereas its counterpart
for the oxygen stoichiometric A-site disordered
Pr,,,Ba ,; MnO; is 3.817 + 17.540 um. The quan-
titative stereologic analysis of the oxygen stoichio-
metric A-site disordered Pr . Ba , MnO, sample
shows that 19.36 % of the grains have a size varia-
tion from 10.000 um to 12.000 ym. The average
grain size is ( D )=~ 10.213 pm. Grains with sizes
smaller 0.200 um or larger 18.000 pm have been not
detected. For the oxygen superstoichiometric A-site
ordered Pr , Ba,, ,MnO, . 44.30 % of the grains
have a size variation from 0.400 pym to 0.600 pm.
Grains with size smaller 0.100 ym and larger
1.000 um have been not detected. The average grain
size for this sample is ( D ) ~ 0.491 pum. The shape of
the Bragg peaks is affected by the small grain size,
which is observed on insert of Fig.1. The A-site or-
dered Pr, Ba , MnO, .. sample with nanograines
demonstrates the wide Bragg peaks. The size of the
crystallites influences the properties of the crystal
structure. A decrease in the grain size (to nanome-
ter size) reduces the unit cell volume, which can be
explained by an increase in the surface tension as
compared to elastic forces in the bulk material [13].
This follows from comparison of the commensurate
unit cell volume of the Pr , Ba , ,MnO, . phase (in
our case V= 236.60(5) A% to the previous results
(V =238.44(7) A3%). We concluded that the decrease
in the unit cell volume in the oxygen superstoichio-
metric A-site ordered Pr ., Ba , MnO, . samples
occurs as a result of both cation ordering and an
increase of surface tension in the outside layers of
the nanograines. The oxygen stoichiometric A-site
disordered Pr,, Ba, , MnO, sample is a ferromagnet
with Curie temperature T, ~ 173 K. At the same
time, the oxygen superstoichiometric A-site or-
dered Pr . Ba, ,, MnO, . sample exhibits two mag-
netic transitions at ~ 313 K and ~133 K. These cor-
respond to the transition from the paramagnetic to
the ferrimagnetic state for the oxygen stoichiomet-
ric A-site ordered PrBaMn,O, and oxygen super-
stoichiometric A-site disordered Pr , Ba  , ;MnO, .
phases, respectively. For this sample, the phase tran-
sitions are not particularly sharp, which suggests an
incomplete ordering of the Pr’* and Ba?" cations in
the PrBaMn,O, phase. The oxygen superstoichio-

metric A-site disordered Pro'goBao'I OMnOl05 exhibits

slightly higher values of T, ~ 133 K as compared to
the available literature value of T~ 110 K, which
can be attributed to the above-discussed nanocrys-
tallite compression and to the presence of the su-
perstoichiometric Mn** cations.

EHT=20.00kvV  Date :15 Jun 2005
Photo No. = 7696 Time :12:54:53

Mag = 500KX WD= 11mm

EHT =20.00kvV  Date :15 Jun 2005
Photo No.=7692  Time :12:39:26

Tum Mag = 20.00KX WD= 25mm

b

Fig. 2. The grain topography obtained with the help of a
scanning electron microscope for the oxygen stoichio-
metric A-site disordered Pr ., Ba , MnO, (a) and oxygen
superstoichiometric A-site ordered Pr . Ba , MnO

(b) samples.

3.025

Fig. 3 illustrates the temperature dependence
of the electrical resistivity and magnetoresistance
measured in magnetic field of 50 kOe. The oxygen
stoichiometric A-site disordered Pr , Ba , MnO,
exhibits a semiconductor behavior in the paramag-
netic state above ~ 173 K (Fig. 3-a). This sample
has two peaks of electrical resistivity, at T, ~ 128 K
and T, ~ 173 K. The temperature ~ 173 K coin-
cides with the Curie temperature T.. Below T, the
ferromagnetic order decreases via magnetoimpurity
scattering of the charge carriers and the conductiv-
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ity shows a metallic behavior. The resistivity peak
at T, ~ 128 K for the oxygen stoichiometric A-site
disordered Pr, Ba, ,, MnO, sample can not be ex-
plained by spin-dependent tunneling of the charge
carriers between grains because the grains are in the
micrometer range and the grain boundaries bring
in a small contribution to the resistivity [14]. How-
ever, above-mentioned peak at T, ~ 128 K may be
explained by magnetic phase separation in the fer-
romagnetic and paramagnetic clusters. In Ref. [15]
the equation for the total resistivity in the ferromag-
netic state has been obtained as :

@ (R —R,)  (1=0,)(R* - R*) _
(R +KR®)

R + KR

p(Q*cm)
MR (%)

Fig. 3. The temperature dependence of the electrical re-
sistivity in absence magnetic field (full rectangles) and
in field of 50 kOe (open rectangles) as well as magne-
toresistance (full circles) for the oxygen stoichiometric
A-site disordered Pr , B 70 a,,,MnO, (a) and oxygen su-
perstoichiometric A-site ordered Pr . Ba , MnO, . (b)
samples.

Here R is the total resistivity, R, = B + C(T/T_)’
is the resistivity in ferromagnetic state (where (dR ./
dT > 0), and B and C are constants), and R, = A(T/
T exp(E, T./T) is resistivity in the paramagnetlc

10

state (where (dR,/dT <0) and A is constant). E, .
is the polaron activation energy, and ¢, the volume
fraction of the paramegnetic phase (where ¢, = 1 at
T>T.and ¢, = exp[(T/T. — 1)/d), with d the crit-
ical parameter of ferromagnet-paramagnet phase
transition and K and g constants which determine
the percolation threshold). An electrical resistiv-
ity anomaly should be observed at the widening of
the ferromagnet-paramagnet transition, below T,..
Also, for d > 3.2 on the resistivity curve, below T,
the second peak appears. That is observed in our ex-
periments. Switching on the magnetic field reduces
the resistivity and increases the resistivity peak tem-
peratures to T, ~ 138 K and T, ~ 210 K (Fig. 3-a).
The presence of the magnetic field also induces two
peaks in the magnetoresitance: ~ 74 % and ~ 79 %.
In addition, the A-site ionic ordering leads to the in-
crease of the metal-insulator transition temperature.
For the oxygen superstoichiometric A-site ordered
Pr,.,,Ba, ,,MnO, . sample (Fig. 3-b) the transition
temperatures are T, ~ 128 K and T, ~ 313 K. The
high-temperature peak almost disappears in a mag-
netic field, and the magnetoresistance at ~ 313 K
is 14 %. The increase of the resistivity transition
temperature for the oxygen superstoichiometric
A-site ordered Pr0 B2, ;,MnO;, .. sample is prob-
ably due to the increase the e, -electron bandwidth

=cos(1/2[n-(Mn — O — Mn YD/ {Mn — O )*>
and e -electron transfer integral b, = b; cos( 6, /2).
The materials obtained in this work may be used at
the creation of the magnetic field sensors, as they
have considerable magnetoresistance (~14% in
field of 50 kOe) at room temperature. This study
has been partly supported by the Belarus Republic
Foundation for Basic Research (grants no. FOSR-
148 and FO9K-015).
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