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Exchange bias phenomenon, evident of antiferromagnetic—ferromagnetic phase segregation state,
has been observed in (Nd; _,Y,)>3Ca;,3sMnO3 (x = 0, 0.1) compounds at low temperatures. A
contribution to the total magnetization of the compounds due to the ferromagnetic phase has been
evaluated. It has been found that yttrium doping leads to the growth of the ferromagnetic phase
fraction. The ferromagnetic phase in the doped compound has a lower coercivity H,. and more
rectangular form of the hysteresis loop. The values of the exchange bias field Hzp and coercivity
are found to be strongly dependent on the cooling magnetic field H.. In sufficiently high mag-
netic fields, H oo > 5 kOe, Hgp in the doped compound is about twice as low as in the parent com-
pound. This difference is attributed to a lower exchange interaction and higher saturation
magnetization of the ferromagnetic phase in (Ndp9Y¢.1)23Ca;3MnO3. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936671]

1. Introduction

Exchange coupling at the interface between antiferro-
magnetic (AFM) and ferromagnetic (FM) layers in compos-
ite materials results in an additional unidirectional
anisotropy of magnetization, the consequence of which is
the exchange bias (EB) phenomenon.'~ This effect is mani-
fested as a shift of magnetic hysteresis loops along the

1063-777X/2015/41(12)/5/$32.00

magnetic field axis on the graph, occurring when the mate-
rial is cooled in an external magnetic field below the mag-
netic ordering temperature. Nowadays the EB phenomenon
is actively studied in view of possible application in record-
ing devices, electronics and spintronics. The main focal
point is on artificial systems such as core-shell nanoparticles
with the shell exchange-coupled to the core’* and thin films

© 2015 AIP Publishing LLC
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composed of exchange-coupled FM and AFM layers.>>” In
the materials which are single-phase at high temperatures
but exhibit spontaneous phase separation at low temperatures
due to first-order phase transitions, the exchange bias phe-
nomenon has been found relatively recently. Among these
compounds, perovskite manganites® "> and cobaltites'*"”
should be mentioned. For instance, it was shown that the
compound Pr,;3Ca;3MnO; with spontaneous phase separa-
tion consists of an antiferromagnetic matrix with embedded
ferromagnetic clusters.® The exchange coupling between the
FM regions and the surrounding AFM matrix results in uni-
directional anisotropy and leads to the exchange bias
phenomenon.

As a general theoretical approach to the description of
the phenomenon, theoretical models of the EB in AFM sin-
gle crystals with the perfect'® 2 and imperfect?'** bounda-
ries have been developed. Later, more sophisticated
theoretical models, applicable to the description of the EB in
polycrystalline AFM-FM samples with spontaneous phase
separation have also been proposed.*?

Manganites (Nd;_,Y,)»;3Ca;sMnO;3 (x = 0, 0.1) of a
perovskite structure, which exhibit giant magnetoresistive
effect, like Pr,/3Ca;3MnOj3, are the compounds where spon-
taneous phase separation in many ways determines their
properties.>**> Thus, the compound Nd,/3Ca;;3MnOj3, which
is single-phase and paramagnetic at high temperatures,
becomes a mixture of AFM and FM phases at low tempera-
ture. The martensitic nature of charge ordering in the vicinity
of T, ~ 212K leads to phase separation into charge-ordered
and charge-disordered phases. This electronic phase separa-
tion forms a basis for the magnetic one. Below room
temperature, the compound undergoes several successive
magnetic phase transitions, two of which are antiferromag-
netic at Ty ~ 130K and Ty, ~ 80K and one is ferromag-
netic at Tc ~ 70K. This is what leads to the ground state,
consisting of an AFM charge-ordered matrix with FM
charge-disordered inclusions (Fig. 1). According to neutron
diffraction data, the total amount of the AFM phase is about
82% and the fraction of the FM phase is about 18% at 4 K.?°
This low-temperature AFM-FM state with phase separation
has been confirmed in studies using scanning SQUID-
microscope.27

200F Teo
B PM
150+
100k AFM + PM
- Te
50
| AFM + FM
0

FIG. 1. Magnetic phase diagram of Nd,;;Ca;;3MnOs. The horizontal lines
correspond to the transition temperatures between different magnetic states:
PM stands for the paramagnetic phase, AFM + PM and AFM + FM denote
the regions of coexistence of antiferromagnetic and paramagnetic phases
and antiferromagnetic and ferromagnetic phases, respectively.
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Our previous studies have revealed the EB phenomenon
in the compound Nd,;3Ca; /3Mn03,13 which is closely related
to spontaneous phase separation. The EB phenomenon
depends non-monotonically on temperature and the cooling
magnetic field, completely disappearing with the disappear-
ance of the FM phase upon heating. In this paper, we contin-
ued to study the EB phenomenon in (Nd; _,Y,),3Ca;;sMnO3
(x = 0. 0.1) manganites.

2. Experimental

Polycrystalline (Nd; _,Y,)>/3Ca;;sMnO5(x = 0, 0.1) sam-
ples were obtained by the standard technique of solid-state
sintering of the mixture of Nd,O3, Y,03, CaCO; and Mn,03
powders, taken in the desired proportions. After pre-
annealing at 900 °C, the powder mixture was pressed into a
pellet and baked at 1500 °C for 10 h. The pellets were then
cooled slowly in an oven at a rate of 80°C per hour. The
conducted X-ray analysis confirmed that single-phase sam-
ples were obtained.

Neutron diffraction studies showed that at room temper-
ature, the crystal structure of both compounds is orthorhom-
bic (space group Pnma),”® in agreement with the data of Ref.
29.

Investigation of the magnetic characteristics was per-
formed using a Quantum Design Magnetic Properties
Measurement System (MPMS), as well as a custom-made
SQUID-magnetometer.”® Magnetic hysteresis was measured
at 10K for the parent Nd,;Ca;;3MnO; and the doped
(Ndo.9Y0.1)2/3Ca;3sMnO3; compounds in the cases of zero
field cooling (ZFC) and field cooling (FC) with H ., = 0.5,
0.8, 1, 2,5, 10 and 20kOe. In contrast to our earlier stud-
ies,'® where the magnetic hysteresis loops M(H) were meas-
ured between *H,,,, the data in the present study were
obtained for =20kOe. After each hysteresis measurement,
the sample was heated to 320 K and kept at this temperature
for 0.5 h.

3. Results and Discussion

Given the magnetic phase-separation state of the com-
pounds (Nd; _,Y,),3Ca;3sMnO;5 (x = 0, 0.1) at low tempera-
tures, consisting of an antiferromagnetic matrix with
ferromagnetic inclusions, we should expect the exchange
coupling at the interfaces between the coexisting AFM and
FM phases, which manifests itself as the EB effect. It was
found that all the hysteresis loops M(H) for both compounds
studied are symmetrical with respect to the origin when
measured after cooling in a zero magnetic field (ZFC).
However the loops measured after the samples were cooled
in a magnetic field (FC) were shifted towards negative mag-
netic fields (Figs. 2 and 3).

In the fields above H ~ 7 kQOe, the hysteresis loops for
both compounds collapsed and the total magnetic moment M
was almost a linear function of the magnetic field, which is
consistent with the data of Ref. 31. This indicates that in the
fields above 7 kOe, the magnetization of the ferromagnetic
phase has reached the saturation, while the magnetization of
the antiferromagnetic phase continues to increase. Since the
magnetic moment of the antiferromagnetic phase Mazpy,
depends linearly on the field, we can separate the magnetic
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FIG. 2. Magnetic hysteresis loops for Nd,sCa;sMnO; (a) and (NdyoYo.1)23
Ca;;3MnO; (b) obtained at 10K after cooling in zero magnetic field (ZFC)
and in a magnetic field H.,o = 20kOe (FC). The insets show enlarged view
of the central regions of the hysteresis loops.

contribution of the FM phase Mz, to the total magnetiza-
tion, by subtracting the AFM contribution from it

Mpy =M — Mupy =M — (dM /dH)H, (1)

where the derivative dM/dH is calculated in the linear region
of M(H), i.e., for high magnetic fields.

Fig. 4(a) shows the hysteresis loops characterizing the
ferromagnetic phases in both compounds studied (AFM con-
tribution is subtracted). The saturation magnetization of the
ferromagnetic phase M, gy, in the doped compound
(Ndp9Y0.1)23Ca;,3sMnO; was about two times higher than

. 1 §
0L (Ndy Y 1)23Ca;3MnO; v 3
0 . i i
T=10K . 3
x .
£ o
E o sit]
o oibee e H, kOe
§~ gga:o '!!‘A e 9
o '!!' A * 05
L . ﬂ,.g 2 08
V. gttt * !
M .QO‘””?”” R : v 2
N [21 L0 =5
20+ ! 4 o' v 10
e A 20
1 1 1 | 1
-1 0 1

FIG. 3. Magnetic hysteresis loops for (NdyoYo.1)2/3Ca;;sMnO; obtained at
10K after cooling in a magnetic field H.,,; = 0.5, 0.8, 1, 2, 5, 10, and
20kOe.
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that of the parent compound Nd,;Ca;;3MnO;, 42 and 19
emu/g, respectively. Doping with yttrium led to a sharp
increase in the amount of the ferromagnetic phase. At the
same time, the ferromagnetic phase in the doped compound
is magnetically softer, as evidenced by a lower value of the
coercive force H,. (see inset in Figs. 4(a) and 5(b)) and rec-
tangular shape of the hysteresis loop (Fig. 4(b)).

Cooling in a magnetic field (FC) induces a shift of the
magnetic hysteresis loops. The exchange bias field Hgp and
the coercive force H,. were determined as

Hgp = (H\ + H,)/2, (2)
H. = (H, — H1)/2, 3)

where H; and H, are the values of the magnetic field at
which the magnetization becomes zero (Fig. 4(a), inset). For
example, in the sample (NdyoYo.1)23Ca;,3MnO3, cooled to
10K in an external magnetic field H.o,o; = 5 kOe, the mag-
netic moment of the FM phase changes sign at H; ~ —0.853
kOe. For the ascending branch of the hysteresis loop, the
magnetic moment of the FM phase changes sign at H, ~
0.448 kOe. Substituting these data in Egs. (2) and (3), we
obtain the exchange bias field Hgp ~ —0.202 kOe and the
coercive force H. ~ 0.650kOe. The exchange bias indicates
the presence of unidirectional anisotropic exchange interac-
tions, which rotate the magnetic moments of the FM clusters
to their original direction when the magnetic field is turned
off.

Fig. 5 shows the evolution of the exchange bias depend-
ing on the cooling magnetic field. Both the exchange

bias field Hgp and the coercive force H,. depend

(N 9Y,1)23Ca;sMnO; (a)

- Hooor=20kOe Ndy;Cay ;3MnO;
2 ST
g H, kOe
% ey amyant 21U
ELL

>
X
y
\
~
N ]
N
N
b
A
N )
N A
=)
My, emu/g

1.0 (Nd Y, 1)23Ca;;3MnO;
H_oo1= 20 kOe

FIG. 4. Contribution of the ferromagnetic phase to the total magnetization
of the compounds (Nd,;_,Y,),;3Ca;;3sMnO; (x = 0, 0.1), cooled in a mag-
netic field Heoop = 20kOe at 10K (a). Ferromagnetic contributions normal-
ized to the saturation magnetization M, ), of the ferromagnetic phase (b).
The insets show enlarged central regions of the respective hysteresis loops.
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FIG. 5. Dependence of exchange bias field Hgp (a) and coercive force H,. (b)
on the cooling magnetic field H, for the compounds (Nd,_,Y),;3Ca;;3MnO5
(x=0,0.1)at 10K.

non-monotonically on the cooling magnetic field H.,,. The
resulting values of the coercive force were significantly
higher for the parent compound Nd,;Ca;;sMnO; (about
15%), indicating a higher magnetic hardness in this direc-
tion. In low magnetic fields, H ., < 2 kOe, the effect of the
exchange bias increases sharply with an increase in the cool-
ing field, which is characteristic for both compounds studied
(Fig. 5). This is due to the fact that at low magnetic fields,
not all the FM clusters are involved in the formation of the
EB phenomenon, since the anisotropy field of some ferro-
magnetic particles is greater than the external magnetic field,
which tries to rotate the particles. With increasing the mag-
netic field, an increasing number of FM clusters is involved
in the formation of the EB effect, leading to its sharp
increase. In a sufficiently high magnetic fields, H.oo > 5
kOe, the dependence Hpp(Hoo) reaches “quasi” saturation,
where the EB field Hgp for the doped compound
(Ndo.9Y0.1)2/3Ca;3MnOj is roughly twice as high as that for
the parent compound Nd,;3Ca;;3MnOs.

It is known that the magnitude of the exchange bias
effect is proportional to the exchange integral J., and inver-
sely proportional to the saturation magnetization M of the
ferromagnetic phase M,_ ot

Hgp ~ Jox /Ms_py. 4

Therefore, the observed differences in the exchange bias
magnitude for the studied compounds can be associated with
a weaker exchange coupling and higher magnetization of the

Fertman et al.

FM phase in doped (NdooYo.1)23Ca1,3MnO;. This agrees
well with the fact that the temperatures of all the magnetic
phase transitions are shifted toward lower temperatures by
20-30K in doped yttrium compound, as compared to the
parent compound,’” indicating a lower exchange coupling
J., in doped compounds. As was shown above, the saturation
magnetization of the FM phase M, ), is also significantly
higher. Therefore, Hgp should be lower in the doped com-
pound, which is in agreement with the experimental data
(Fig. 5(a)).

Besides that, we also cannot exclude the effect of differ-
ent area of the AFM-FM interface on the exchange bias, aris-
ing due to various sizes and shapes of the FM inclusions in
these compounds. Increasing the size of the inclusions with
the same content of the ferromagnetic phase should lead to a
reduction in the area of the interface and a corresponding
decrease of the EB. However, the studied compounds have a
different content of the ferromagnetic phase, while evalua-
tion of the form and dispersion of the ferromagnetic clusters
is beyond the scope of this paper. Nevertheless, given a
lower Hgp in the doped compound, it can be concluded that
the combined effect of geometric factors is smaller than that
of J,. and M,_ry,.

4. Conclusions

Exchange bias phenomenon was observed in
(Nd;_.Y,)23Ca;3sMnO; (x = 0, 0.1) compounds. It arises
upon cooling in a magnetic field below the magnetic order-
ing temperature and is evident of magnetic AFM-FM phase
separation in these compounds at low temperatures. The de-
pendence of the exchange bias field on the cooling magnetic
field for these compounds in the AFM-FM phase separation
state was studied in a magnetic field up to 20 kOe. The con-
tribution of the FM phase to the total magnetization of the
samples was revealed. It was found that the saturation mag-
netization of the ferromagnetic phase in the doped com-
pound (Ndo9Y¢.1)23Ca;3MnOj is about twice as high as in
the parent Nd,/;3Ca;;3MnQO;, indicating a higher amount of
the FM phase in the former. At the same time the ferromag-
netic phase of (NdpoYo.1)23Ca;sMnO3 is magnetically
softer, as evidenced by a lower magnitude of the coercive
force H. and more rectangular shape of the hysteresis loop.
It was also found that the value of the exchange bias Hpp for
the doped compound, which depends non-monotonically on
the cooling magnetic field Hq,j, is about twice as small as in
the parent compound for sufficiently large cooling fields
H.oo1 > 5 kOe. This difference is due to a lower exchange
coupling and higher saturation magnetization in the ferro-
magnetic phase (Ndp9Yo.1)2/3Ca;,3MnO;3.

This work was supported by the project TUMOCS,
funded by the European Commission in the framework of the
HORIZON-2020 through the Marie Curie Grant No. 645660.
A. V. Fedorchenko acknowledges the financial support by the
Slovak Academic Information Agency (SAIA), which
supported this study through the National Scholarship
Programme (NSP) of the Slovak Republic (Grant No. 12509).
The authors also acknowledge the support by the Slovak
Research and Development Agency within the projects
VEGA 1/0145/3 and APVV-0132-11.



Low Temp. Phys. 41 (12), December 2015

The authors are grateful to Academician NAS N. F.
Kharchenko for his help and fruitful discussion of the
results.

YEmail: Fertman@ilt.kharkov.ua

'W. H. Meiklejohn and C. P. Bean, Phys. Rev. B 102, 1413 (1956).

2J. Nogués and I. K. Schuller, J. Magn. Magn. Mater. 192, 203 (1999).

3s. Giri, M. Patra, and S. Majumdar, J. Phys.: Condens. Matter. 23, 073201
(2011).

*V. Skumryev, S. Stoyanov, Y. Zhang, G. Hadjipanayis, D. Givord, and J.
Nogués, Nature (London) 423, 850 (2003).

K. O’Grady, L. E. Fernandez-Outon, and G. Vallejo-Fernandez, J. Magn.
Magn. Mater. 322, 883 (2010).

] F. Ding, Y. F. Tian, W. J. Hu, W. N. Lin, and T. Wu, Appl. Phys. Lett.
102, 032401 (2013).

’J.F. Ding, O. I. Lebedev, S. Turner, Y. F. Tian, W. J. Hu, J. W. Seo, C.
Panagopoulos, W. Prellier, G. Van Tendeloo, and T. Wu, Phys. Rev. B 87,
054428 (2013).

8D. Niebieskikwiat and M. B. Salamon, Phys. Rev. B 72, 174422 (2005).

oT. Qian, G. Li, T. Zhang, T. F. Zhou, X. Q. Xiang, X. W. Kang, and X. G.
Li, Appl. Phys. Lett. 90, 012503 (2007).

IOShilpi Karmakar, S. Taran, Esa Bose, B. K. Chaudhuri, C. P. Sun, C. L.
Huang, and H. D. Yang, Phys. Rev. B 77, 144409 (2008).

T, Zhang and M. Dressel, Phys. Rev. B 80, 014435 (2009).

2. Feher, V. Desnenko, E. Fertman, S. Dolya, M. Kajnakova, and A.
Beznosov, Fiz. Nizk. Temp. 38, 828 (2012) [Low Temp. Phys. 38, 657
(2012)].

BE, Fertman, S. Dolya, V. Desnenko, L. A. Pozhar, M. Kajiakova, and A.
Feher, J. Appl. Phys. 115, 203906 (2014).

Y -K. Tang, Y. Sun, and Z.-H. Cheng, J. Appl. Phys. 100, 023914 (2006).

Fertman etal. 1005

9Y -K. Tang, Y. Sun, and Z.-H. Cheng, Phys. Rev. B 73, 174419 (2006).

1°M. Patra, S. Majumdar, and S. Giri, J. Appl. Phys. 107, 033912 (2010).

R, Pradheesh, S. Nair Harikrishnan, V. Sankaranarayanan, and K.
Sethupathi, Appl. Phys. Lett. 101, 142401 (2012).

'8W. H. Meiklejohn, J. Appl. Phys. 33, 1328 (1962).

'“D. Mauri, E. Kay, D. Scholl, and J. K. Howard, J. Appl. Phys. 62, 3047
(1987).

20A. G. Grechnev, A. S. Kovalev, and M. L. Pankratova, Fiz. Nizk. Temp.
38, 1184 (2012) [Low Temp. Phys. 38, 937 (2012)].

21A. Kovalev and M. Pankratova, Superlattices Microstruct. 73, 275 (2014).

22A. P. Malozemoff, J. Appl. Phys. 63, 3874 (1988).

M. D. Stiles and R. D. McMichael, Phys. Rev. B 59, 3722 (1999).

24A. B. Beznosov, E. L. Fertman, and V. A. Desnenko, Fiz. Nizk. Temp. 34,
790 (2008) [Low Temp. Phys. 34, 624 (2008)].

2E, Fertman, S. Dolya, V. Desnenko, A. Beznosov, M. Kajnakova, and A.
Feher, J. Magn. Magn. Mater. 324, 3213 (2012).

204 Beznosov, E. Fertman, V. Desnenko, M. Kajnakovd, and A. Feher,
J. Magn. Magn. Mater. 323, 2380 (2011).

27X -], Fan, H. Koinuma, and T. Hasegawa, Phys. Rev. B 65, 144401
(2002).

E. Fertman, D. Sheptyakov, A. Beznosov, V. Desnenko, and D.
Khalyavin, J. Magn. Magn. Mater. 293, 787 (2005).

K. Liu, X. W. Wu, K. H. Ahn, T. Sulchek, C. L. Chien, and J. Q. Xiao,
Phys. Rev. B 54, 3007 (1996).

30AL V. Fedorchenko, V. Yu. Lyakhno, and V. I. Shnyrkov, Vopr. At. Nauki
Tekh. 1, 150 (2010) (in Russian).

3IR -M. Thomas, V. Skumryev, J. M. D. Coey, and S. Wirth, J. Appl. Phys.
85, 5384 (1999).

32E, Fertman, A. Beznosov, D. Sheptyakov, V. Desnenko, M. Kajnakova, A.
Feher, and D. Khalyavin, J. Magn. Magn. Mater. 321, 316 (2009).

Translated by L. Gardt


mailto:Fertman@ilt.kharkov.ua
http://dx.doi.org/10.1103/PhysRev.102.1413
http://dx.doi.org/10.1016/S0304-8853(98)00266-2
http://dx.doi.org/10.1088/0953-8984/23/7/073201
http://dx.doi.org/10.1038/nature01687
http://dx.doi.org/10.1016/j.jmmm.2009.12.011
http://dx.doi.org/10.1016/j.jmmm.2009.12.011
http://dx.doi.org/10.1063/1.4788719
http://dx.doi.org/10.1103/PhysRevB.87.054428
http://dx.doi.org/10.1103/PhysRevB.72.174422
http://dx.doi.org/10.1063/1.2426887
http://dx.doi.org/10.1103/PhysRevB.77.144409
http://dx.doi.org/10.1103/PhysRevB.80.014435
http://dx.doi.org/10.1063/1.4736614
http://dx.doi.org/10.1063/1.4879416
http://dx.doi.org/10.1063/1.2219698
http://dx.doi.org/10.1103/PhysRevB.73.174419
http://dx.doi.org/10.1063/1.3298469
http://dx.doi.org/10.1063/1.4756792
http://dx.doi.org/10.1063/1.1728716
http://dx.doi.org/10.1063/1.339367
http://dx.doi.org/10.1063/1.4758774
http://dx.doi.org/10.1016/j.spmi.2014.05.034
http://dx.doi.org/10.1063/1.340591
http://dx.doi.org/10.1103/PhysRevB.59.3722
http://dx.doi.org/10.1063/1.2967506
http://dx.doi.org/10.1016/j.jmmm.2012.05.043
http://dx.doi.org/10.1016/j.jmmm.2011.05.001
http://dx.doi.org/10.1103/PhysRevB.65.144401
http://dx.doi.org/10.1016/j.jmmm.2004.12.001
http://dx.doi.org/10.1103/PhysRevB.54.3007
http://dx.doi.org/10.1063/1.369985
http://dx.doi.org/10.1016/j.jmmm.2008.09.006

	s1
	s2
	s3
	f1
	d1
	d2
	d3
	f2
	f3
	f4
	d4
	s4
	f5
	l
	n1
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32

