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We study crystal structure and magnetic properties of La1–xAgxMnO3 nanopowders prepared by glycine — nitrate 
method. The particle size and crystal structure were modified by heat treatment. The average size of particle varies 
from about 26.6(4) nm for as prepared sample to 63.3(9) nm for annealed sample at 900 °C/2h. Crystal structure 
changes from orthorhombic Pnma to rhombohedral 3R c  after annealing at 600 °C/2h. The saturated magnetization 
µs and the Curie temperature TC increase with annealing; TC is more than doubled after annealing at 600 °C/2h. Ex-
change bias phenomena were first observed on nanoparticles with orthorhombic crystal structure. The hysteresis loop 
shifts in horizontal and vertical direction after cooling in magnetic field µ0Hcf ≠ 0 through TC. The values of exchange 
bias field µ0HE, coercive field µ0Hc, remnant asymmetry μE and coercive magnetization μc increase with increasing 
value of cooling field µ0Hcf. In addition the training effect was observed. 

PACS: 75.50.–y Studies of specific magnetic materials; 
75.50.Tt Fine-particle systems; nanocrystalline materials; 
75.47.Lx Magnetic oxides; 
75.30.Kz Magnetic phase boundaries. 

Keywords: crystal structure, magnetic nanoparticles, doping, annealing. 

Introduction 

The mixed-valence manganese oxides of the general 
formula La1–xAxMnO3 (A is a divalent ion like Ca, Sr, Ba 
and Pb) are a subject of interest due to a desire to under-
stand and exploit the large negative magneto-resistance 
and magnetocaloric effects [1,2]. The ratio of Mn3+/Mn4+

is an important factor to show insulator-to-metal (I–M) 
transition and ferromagnetic phase transition in manga-
nites. Group of La1–xAgxMnO3 manganites provides a 
series of new oxides to study magnetocaloric effect [3–5] 
insulator-to-metal transition and colossal magnetoresis-
tance [6] at room temperature. 

Recently the exchange bias (EB) effect in mixed-valent 
manganites having distorted perovskite structure was re-
ported in a spontaneously phase separated system 

Pr1/3Ca2/3MnO3 [7] which stimulated new interest for 
study of the EB effect in structurally single-phase com-
pounds. EB effect was discovered more than 55 years ago, 
by Meiklejohn and Bean on Co/CoO core–shell nanoparti-
cles [8], and its characteristic signature is the horizontal 
shift of the centre of magnetic hysteresis loop from its 
normal position at µ0H = 0 to µ0HE ≠ 0 and vertical shift 
which can be characterised by remnant asymmetry μE. EB 
usually occurs in systems which are composed by an 
antiferromagnet (AFM) that is in atomic contact with 
a ferromagnet (FM) after the system is cooled, below the 
Néel and respective Curie temperatures TN and TC, in an 
external cooling field µ0Hcf. EB phenomena were observed 
in various materials like Laves phases, intermetallic com-
pounds and alloys, binary alloys, Heusler alloys [9] or on 
layered bulk fluorometallo complex [10] where different 
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aspects of magnetism were focused from the EB effect. In 
the case of a fine particle system the surface to volume 
ratio becomes significantly large compared to the bulk 
counterpart. In such a case the surface effect dominates 
over the core. In our paper we study crystal structure, 
magnetic properties and the effect in La1–xAgxMnO3 sys-
tem of nanoparticles. The preliminary results of our study 
were presented in [11]. 

Experimental details 

Preparation of nanopowders followed the glycine-nitrate 
method, where glycine was used as fuel and nitrates as oxi-
dants [12]. The size of nanoparticles, crystal structure and 
magnetic properties were modified by the annealing in muf-
fle furnace 300 °C/2h, 600 °C/2h and 900 °C/2h. The mor-
phology of nanoparticles and their size distribution was 
studied on powders by scanning electron microscope (SEM) 
MIRA3 TESCAN. The average size of particles was deter-
mined with the help of program ImageJ. An additional char-
acterisation of prepared sample was performed by transmis-
sion electron microscopy (TEM) using a scanning 
transmission electron microscope JEOL JEM 2100F UHR. 
Microscope operates with accelerating voltage 80 kV to 
200 kV and also enables structure observations at atomic 
level (HRTEM). Colloids, mixture of the sample and ace-
tone, were prepared for TEM investigation and subsequently 
a droplet of the colloid was placed on a grid covered by car-
bon. These particles were covered by carbon layer in next 
step. The x-ray powder diffraction (XRPD) measurements 
have been carried out on the X’Pert PRO diffractometer 
with Cu-Kα radiation (λ1 = 1.54056 Å, λ2 = 1.54440 Å) and 
the XRPD patterns were identified with the FullProf pro-
gram based on the Rietveld method [13]. The particle size 
was estimated from XRPD records using microstructural 
analysis within FullProf package, where each reflection is 
analyzed with the aim to determine the average particle size. 
All magnetization measurements were performed by MPMS 
XL−5 (Quantum Design) apparatus in the temperature range 
from 1.8 K to 380 K and in magnetic field up to 5 T. 

Results and discussion 

Crystal structure. XRPD structure analysis revealed that 
as prepared samples and the samples annealed at 300 °C 
crystalize in orthorhombic crystal structure (space group 
Pnma). The crystal structure building blocks MnO6 are de-
formed by Jahn Teller distortion and are tilted. The samples 
annealed at 600 °C and 900 °C crystallize in rhombohedral 
structure (space group 3 ).R c  Typical XRPD record for sam-
ples with Pnma and 3R c  symmetry are displayed on Figs. 1, 
2. Secondary phase arising due to the presence of synthesis 
residua can be seen in XRD spectra (Fig. 1) for as prepared 
sample but vanishes after heat treatment. Less than 5 % of 
silver is detected by the analysis of XRPD spectra for the 
whole series of samples (Figs. 1, 2). It is generally accepted 

that the presence of silver does not influence magnetic prop-
erties of investigated samples. The lattice parameters are 
summarized in Table 1. The XRPD measurements indicate 
that the average particle size is constant in orthorhombic 
phase, but increases in rhombohedric phase with annealing 
temperature (x = 0.10: D = 29 nm, 25 nm, 62 nm, 64 nm; x = 
= 0.15: D = 29 nm, 25 nm, 62 nm, 64 nm; x = 0.15: D = 
= 24 nm, 30 nm, 63 nm, 101 nm; x = 0.20: D = 25 nm, 24 
nm, 49 nm, 135 nm, where x equals Ag doping, D — average 
particle size of as prepared sample and annealed samples at 
300 °C, 600 °C and 900 °C. 

SEM analysis revealed that the prepared samples in the 
form of fine powder form agglomerates having spherical 
shape, hollow inside, and possibly the cover is constituted 
by nanoparticles (Fig. 3(a)). To determine the size of the 
nanoparticles, we used an image analysis of the SEM pho-
to. From suitable pictures, in which the nanoparticles can 
be distinguished in agglomerates, we determined the parti-

Fig. 1. (Color online) X-ray pattern of La0.85Ag0.15MnO3 an-
nealed at 300 °C with orthorhombic phase, unknown phase (see 
arrows) and Ag. 

Fig. 2. (Color online) X-ray pattern of La0.85Ag0.15MnO3 an-
nealed at 600 °C indicates rhombohedral phase and Ag. 
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cle size by measurements of diameters of all visible nano-
particles gradually in the vertical and horizontal direction 
(relative to the SEM picture). From the measured data, we 
created a histogram of statistical distribution of the nano-
particles in a certain size range as it is demonstrated in 
Fig. 4. To determine the final average size of the nanopar-
ticles, we used lognormal distribution and we have deter-
mined the average particle size as the maximum of this 
distribution function. The average particle size is 26.6(4) 
and 63.3(9) nm for sample as prepared and annealed at 
900 °C, respectively. 

TEM study on the same samples confirmed that all 
samples consist from agglomerates of nanoparticles as it is 
shown for sample annealed at 300 °C (Fig. 5). One grain 
from this sample was studied by HRTEM (Fig. 6), directly 
showing the MnO6 octahedrons on the atomic level. The 
size of particles depends on annealing and corresponds 

with size of nanoparticles determined by scanning electron 
microscopy and XRPD. The smallest particles have size 
between 10 and 15 nm; typically have character of single 
crystals or sometimes consists of several sub-grains as it 
was revealed by HRTEM study (Fig. 7). The shape of par-
ticles is spherical (Fig. 7) or cylindrical (Fig. 8). Spherical 
shape can be just different projection of cylindrical sample. 

Magnetic properties. Our measurements revealed that all 
samples undergo a paramagnetic (PM) to ferromagnetic 
(FM) transition at the Curie temperature TC. The tempera-
ture dependences of magnetization in zero field cooled 
(ZFC) and field cooled (FC) regimes are shown in Fig. 9. for 
as prepared La0.80Ag0.20MnO3 sample. The hysteretic be-
havior between magnetization measurements performed in 
ZFC and FC regimes for low applied magnetic fields is typi-
cal feature of all samples. Bifurcation temperature Tb is 
comparable with the Curie temperature TC and even is a 

Fig. 3. SEM images of La0.85Ag0.15MnO3 show aggregates as it is demonstrated for as prepared sample (left) and sample annealed at 
900 °C (right). 

Fig. 4. (Color online) The particle size distribution for different samples of La0.85Ag0.15MnO3. The binning of the data is 4 nm in all cases. 
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little bit higher for as prepared samples. The Curie tempera-
ture was determined as a minimum on dµ/dT(T) depend-
ence. High temperature magnetic susceptibility χ follows the 
Curie–Weiss law χ = C/(T – θ) for all samples in tempera-
ture region high enough above TC (C is the Curie constant 
and θ is paramagnetic Curie–Weiss temperature) as it is 
demonstrated for as prepared sample with x = 0.20 (Fig. 10). 
The curvature of 1/χ(T) in the range between 100 and 150 K 
can indicate presence of different short range ordering (clus-
ters) in the vicinity of TC. Substitution of Ag for La and sub-
sequent heat treatment increase TC reaching the maximal 
value 307 K for sample with x = 0.2 annealed at 900 °C/2h 
(Fig. 11). In this case the shape of magnetization μ(T) and 
inverse susceptibility 1/χ(T) is typical for ferromagnetic ma-
terials. The paramagnetic Curie temperature increases with 
annealing from θ = 110 K to 113 K and finally to 267 K on 
the sample with x = 0.15 and TC increases from 107 K to 
121 K and then to 268 K for as prepared, 300 °C/2h and 
600 °C/2h annealed particles of La0.85Ag0.15MnO3, re-
spectively. The same tendency we have found on samples 
with x = 0.10 and 0.20. The magnetization loop has S-
shape, is relatively narrow and magnetization does not 

completely saturate even at 5 T as it is demonstrated in 
Fig. 12. 

The increase of TC and θ with annealing for the an-
nealing temperatures up to 300 °C we attribute to oxida-
tion generating higher content of Mn4+ which increases 
ferromagnetic interaction via double exchange interac-
tion. Evidence for enhanced oxidation was provided by 
iodometric titration and TG measurements. Annealing at 
600 °C and 900 °C resulted to the change of the crystal 
structure from orthorhombic one to the rhombohedral 
one. In the orthorhombic structure the MnO6 octahedrons 
are tilted with respect to each other and the Mn–O–Mn 
angle is within interval 152–155 deg for all concentra-
tions. On the other hand, in the rhombohedral structure 
the MnO6 octahedrons are not tilted and the Mn–O–Mn 
angle is 180 deg, which is given by the crystal symmetry. 
Since the magnetic interaction in this system is 
superexchange, its strength depends on the cosine of the 
Mn–O–Mn angle. For that reason the rhombohedric sam-
ples have much higher ordering temperatures than their 
orthorhombic counter-parts. Changes of magnetic proper-
ties which were induced by increasing of silver content x 

Table 1. Lattice parameters of La1–xAgxMnO3 

Composition x Status a, Å b, Å c, Å % of Ag 

0.20 as prepared 5.654(1) 7.751(1) 5.539(1) 4.32 

 
300 °C 5.645(1) 7.752(1) 5.532(1) 5.43 

 
600 °C 5.5060(1) 5.5060(1) 13.3612(1) 4.31 

 
900 °C 5.5077(1) 5.5077(1) 13.3543(1) 2.82 

0.15 as prepared 5.643(1) 7.754(1) 5.529(1) 2.62 

 
300 °C 5.605(1) 7.756(1) 5.530(1) 4.95 

 
600 °C 5.5027(1) 5.5027(1) 13.3596(1) 2.29 

 
900 °C 5.5106(1) 5.5106(1) 13.3507(1) 0.75 

0.10 as prepared 5.652(1) 7.747(1) 5.539(1) 1.34 

 
300 °C 5.641(1) 7.751(1) 5.533(1) 3.22 

 
600 °C 5.504(1) 5.5037(1) 13.3544(1) 0.27 

 
900 °C 5.513(1) 5.5133(1) 13.3446(1) 0.12 

 

Fig. 5. TEM images of particle aggregates for annealed sample at 300 °C/2h. 
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are much smaller than these drastic changes of the crys-
tallographic structure induced by annealing. The effective 
magnetic moment µeff changes by non-monotonic way 
with annealing; at first, µeff decreases from 4.74 μB to 
4.14 μB and then increases to 4.53 μB for as prepared, 
300 °C/2h and 600 °C/2h annealed samples with x = 0.15. 
The decrease of µeff can be understood assuming oxida-
tion resulting in higher content of Mn4+ in samples and 
smaller moment can be obtained by the combination of 
magnetic moments of Mn3+ (4.90 μB), Mn4+ (3.87 μB). 
Annealing at 600 °C/2h will again increase Mn4+ content 
in samples but the effective moment is smaller now. Re-
lation between gradual oxidation and decreasing moment 
is now not so straightforward and seems to be misleading 
but the change of crystal structure from Pnma to 3R c  
has to be taken into account. 

Two magnetization hysteresis loops which were meas-
ured on as prepared sample with x = 0.15 are displayed in 
Fig. 13. First of them was obtained after cooling down in 
zero magnetic field. Initial magnetization curve starts from 
zero remnant magnetization and the hysteresis loop is sym-
metric in respect to zero point of coordinates. Before meas-
urement of second loop the sample was exposed to static 
magnetic field µ0Hcf with induction of 1 T and cooled from 
120 K through TC down to 2 K. This procedure gives rise to 

displacement of the magnetic hysteresis loop, which is the 
typical manifestation of the exchange bias (EB) effect. The 
loop is pinned on vertex in the region of negative magnetiza-
tion, is tilt and shifted in horizontal and vertical direction. 
The horizontal shift of the loop is usually expressed by ex-
change bias field HE = (Hc+–Hc–)/2 and vertical shift is de-
scribed by ME, which is defined as difference of saturated 
magnetization [9]; Hc+ and Hc– is coercive field on positive 
and negative axes. In the case that hysteresis loops are not 
very rectangular another parameter, the remnant asymmetry 
μE = (μr+ – μr–)/2, is frequently used [14]; μr+ and μr– is 
remnant magnetization on positive or negative axis. The heat 
treatment at 300 °C leads to damping of EB phenomena. 
Despite of the fact that the coercive magnetization μc = 
= (μr++μr–)/2 increases from 0.130 μB to 0.246 μB, horizon-
tal shift of hysteresis loop is reduced and vertical shift is 
nearly unchanged as it was found on sample with x = 0.15. 
EB phenomena were observed on all samples which adopt 
orthorhombic crystal structure and comparison of EB effect 
for as prepared samples with different content of x is shown 
in Fig. 14. Saturated magnetization at 5 T decreases with x 
and horizontal and vertical shift of hysteresis loops is re-

Fig. 7. HTEM images of a spherical particle for annealed sample at 
300 °C/2h are shown for the case of perfect crystal structure (left) 
and for distorted structure (right). 

Fig. 8. HTEM image and the electron diffraction pattern of a cylin-
drical particle for annealed sample at 300 °C/2h are shown for the 
case of perfect crystal structure (left). 

Fig. 9. (Color online) ZFC and FC magnetization curves for as 
prepared sample. 

Fig. 6. HTEM image of an individual particle for annealed sam-
ple at 300°C/2h and the electron diffraction pattern. 
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markable. All characteristic parameters of EB effect which 
were obtained in magnetic fields with induction ±9 T are 
summarised in Fig. 15 which shows effect of cooling field 
µ0Hcf on EB phenomena. All studied parameters have ten-
dency of saturation for relatively low field of about μ0Hcf  = 
= 0.1 T. The heat treatment at 300 °C leads to reduction of 
coercive force Hc and bias field HE, on the other hand the 
coercive magnetization μc and remnant asymmetry μE in-
crease. The difference between subsequent magnetization 
reversal loops which were measured after cooling in 
μ0Hcf = 1 T, the training effect, is shown in Fig. 16 for 
La0.85Ag0.15MnO3 sample annealed at 300 °C. Measure-
ment of magnetization reversal loop was repeated 7 times at 
2.5 K. It was shown that in generally the parameters HE, μE 
depend on Hcf, Hmax [15] and for AFM/FM systems in the 
case of subsequent magnetization reversal loops the FM 
shell generates spin configuration relaxation on the AFM 
interface leading to state of equilibria (Landau–Khalatnikov 
formula [15]): 

 ( ) ( ) ( ) 3  1E E E EH n H n H n H ∞+ = − γ   − ,  

 ( ) ( ) ( ) 3  1 [    ] E E E En n n ∞µ + = µ − γ µ − µ ,  

where γ is sample dependent constant. In our case both 
parameters HE and μE describing the horizontal and verti-
cal shift of loop decrease with consecutive number of cy-
cles and reach stable values. In conclusion, EB phenomena 
were observed on ferromagnetic La1–xAgxMnO3 nano-
powders (x = 0.10, 0.15 and 0.20) with average size of 
about 25 nm which adopt orthorhombic crystal structure 
(space group Pnma). All parameters describing EB effect 
have tendency of saturation in relatively low field of about 
μ0Hcf = 0.1 T. The heat treatment at 300 °C leads to reduc-
tion of coercive force Hc and bias field HE, on the other 
hand the coercive magnetization μc and remnant asym-
metry μE increase. Both parameters HE and μE describing 
the horizontal and vertical shift of loop decrease with con-
secutive number of cycles in training effect. Heat treatment 

Fig. 10. (Color online) Inverse susceptibility is shown for as pre-
pared sample. 

Fig. 11. (Color online) Temperature dependence of magnetization 
and inverse susceptibility for annealed sample at 600 °C. 

Fig. 12. Hysteresis loop for annealed sample at 600 °C. 

Fig. 13. (Color online) EB effect is shown for as prepared sample 
with x = 0.15. 
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at 600 °C/2 h increases the average size of nanoparticles to 
55 nm, crystal structure changes to rhombohedral structure 
(space group 3 )R c  and EB effect vanishes. Our results 
suggest that surface effects and core shell model can ex-
plain EB phenomena in this case because it is well known 
that surface effect is important on particle with average 
size smaller than 50 nm. 

This work was supported by the project ERDF EU, No. 
ITMS26220120005, VEGA 2/0132/16 and MAD SK-PL 16. 
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