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We investigate magnetoresistance, p., of single-crystal bilayer lanthanum manganites
(La;_,Nd,); 4511 6Mn,0; (z=0 and 0.1) at a transport current flowing along the crystal ¢ axis and
in external magnetic fields applied parallel to the crystal ¢ axis or ab plane. It is demonstrated that
the La; 4Sr; ¢Mn,0O; manganite exhibits the positive magnetoresistance effect in the magnetic field
applied in the ab sample plane at the temperatures T < 60 K, along with the negative magnetoresist-
ance typical of all the substituted lanthanum manganites. In the (LagoNdg 1) 451, §Mn,O5 sample,
the positive magnetoresistance effect is observed at temperatures of 60—-80K in an applied field
parallel to the ¢ axis. The mechanism of this effect is shown to be fundamentally different from the
colossal magnetoresistance effect typical of lanthanum manganites. The positive magnetoresistance
originates from spin-dependent tunneling of carriers between the manganese-oxygen bilayers and
can be explained by features of the magnetic structure of the investigated compounds. © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4918916]

INTRODUCTION

The discovery of colossal magnetoresistance (CMR) in
manganites stimulated a great interest in these materials
from fundamental and practical points of view.'* For a few
years, the CMR reading heads have been used in magnetic
storage industry.2 Manganites are characterized by a rich
phase diagram involving the charge and orbital ordering
regions."? Study of the interaction between the orbital and
spin degrees of freedom in these compounds is of great im-
portance. The metal-insulator transition found in manganites
and the related CMR effect is usually described using the
double exchange mechanism proposed by Zener,” which
includes the local exchange coupling between conduction
electrons e, and localized electrons t,, that form the atomic
spin S =3/2. However, as was shown in some studies,4 the
correct description of the physical phenomena in manganites
should take into account the electron-lattice interaction.

Bilayer lanthanum manganites belong to the Ruddlesden-
Popper series (Ry_2xA1 )0 1MN,O3,,1 with n=2.% The
crystals of this composition (I4/mmm sp. gr.) consist of MnO,
layers separated by rock salt layers and MnOg octahedra that
form a 2D network. These compounds undergo the metal-
insulator transition, at which a high magnetoresistance is
observed. The initial LazMn,O; compound is an antiferro-
magnetic insulator (AFI); however, replacing of La’" by
cations of different valence can change the electronic structure
of manganese ions Mn>" and lengths and angles of the Mn-O
bonds.”® Non-isovalent substitution of Sr*" for La*" changes
the manganese oxidation degree from Mn*" to Mn*"; as a
result, the hole conductivity arises and the mixed-valence
state is established between Mn*" and Mn*" ions with the
respective 3d* and 3d? electronic configurations. The x value
in the La, ,,Sr,,XxMn,O; compound indicates the fraction
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of Mn*" ions in the entire Mn content and corresponds to the
number of holes in the Mn*"/Mn*" pairs.’

In studies,'®!" the strong change in the magnetotran-
sport properties of the (La;_,Nd,); 2xSri,2Mn,0; com-
pound were observed upon substitution of Nd*>" ions with
the smaller ionic radius for La>" ions, which was attributed
to complexity of the magnetic structure of the system.
Neutron diffraction data showed that in the compounds with
x=0.4 and 0.5 (z=0) the easy axis lies in the ab plane and
the ground states are ferromagnetic and antiferromagnetic,
respectively, in contrast to the weakly ferromagnetically
ordered composition with x =0.3, in which the easy axis is
perpendicular to the ab plane.”''*'* The magnetotransport
properties of such systems were studied by many
authors;*"'*~'° however, the magnetoresistance anisotropy
in the region of small x has been understudied. So, in this
report, we investigate the compositions with x =0.3, in view
of the following. As is known, at the concentrations
0.3 =<x=<0.32, the AFM interlayer exchange is sharply
changed for the FM one and at x > 0.45 the canted A-type
AFM ordering already prevails with the dx*>—y?* orbital
involved."!” Thus, at this concentration of carriers near the
critical point, the spin-reorientation transitions and some
related phenomena in bilayer manganites can be easily
induced with the help of external factors, including tempera-
ture, magnetic field, hydrostatic, and chemical pressure.lg’19

Substitution of Nd™ or Pr'™ ions with a smaller radius
for La™> jons significantly affects the magnetotransport char-
acteristics of bilayer manganites.'""'>'” The neutron diffrac-
tion data reported in a study'? are indicative of the strong
variation in lattice parameters a and c. This effect of chemi-
cal pressure leads to the enhanced Jahn—Teller steady-state
distortion and the observed change in the orbital character of
e, electrons from d3z* — 1* to dx* — y*."?

© 2015 AIP Publishing LLC
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The La; 4Sr; ¢Mn,05 crystal undergoes the paramagnetic
isolator-canted ferromagnetic metal transition at the tempera-
ture T.= 110K, which is accompanied by the linear lattice
contraction along the ¢ axis.'” The bilayer manganites are
characterized by the strong anisotropy of physical properties
in different crystallographic directions. The La; 4Sr; §Mn,O,
crystal has the easy magnetization axis parallel to the crystal
¢ axis; the electrical resistivity of this material along the ¢
axis exceeds that in the ab plane by several orders of
magnitude.’

In this work, we investigate the magnetotransport prop-
erties of the (La;_,Nd,),_»xSr1,2xMn,0O; (x=0.3 and z=0
and 0.1) compounds in external magnetic fields applied
parallel and perpendicular to the crystal ¢ axis.

EXPERIMENTAL

Single-crystal (La;_,Nd,); 4Sr; Mn,O; (z=0 and 0.1)
compounds were synthesized using an optical floating zone
technique in oxygen atmosphere at a growth rate of 5Smm/h
and relative rods rotation speed of 30 rpm.

The magnetotransport and magnetic properties were
measured on a commercial Physical Property Measurement
System PPMS-9 (Quantum Design) and a vibrating sample
magnetometer with a superconducting solenoid.?® Samples
for measurements were cleaved from the synthesized single-
crystal rod.

The X-ray diffraction analysis of the powders prepared
from the initial single crystals showed that the both samples
belong to the I4/mmm space group with the lattice parame-
ters a=3.858 A and ¢=20.304 A for La; 4Sr; ¢gMn,O5 and
a=3.857 A and ¢ =20.317 A for (LagoNdg )1 4Sr; {Mn,O5,
which are consistent with the data reported in Ref. 21.

The true ratio between neodymium and lanthanum was
determined on the natural cleavage plane of the samples by
the X-ray fluorescent analysis with the use of a scanning
electron microscope and was found to be 9:1 with a relative
error of 1%.

Resistivity p. along the crystal ¢ axis was measured
using a four-probe technique. Two contacts were formed on
each flat plane perpendicular to the ¢ axis. Transport meas-
urements were performed on the samples 4 x 2.5 x 0.3 mm
in size. The contacts were fixed using an Epo-tek H20E two-
component adhesive. In the resistivity measurements, the
applied magnetic field was parallel to the ab plane (H || ab)
or the ¢ axis (H || ¢) of the crystal.

RESULTS AND DISCUSSION

Figure 1 shows the experimental temperature depend-
ence of resistivity p.(T) for the initial La; 4Sr; {Mn,O;
(x=0.3 and z=0) compound. It can be seen that at the
temperature T, =110K the sample undergoes the metal-
insulator transition typical of manganites, which is accompa-
nied by FM ordering of the bilayers."® In zero magnetic field,
there is a local maximum in the p.(T) curve at the tempera-
ture T, =65K, which coincides with the temperatures of
the maximum in the M.(T) curve at H= 100 Oe (Fig. 2) and
the minimum in the M,,(T) curve at H= 100 Oe and corre-
sponds to the occurrence of the canted AFM ordering in a
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FIG. 1. Temperature dependence of out-of-plane resistivity p. for the
La; 4Sr; ¢Mn,0O5 single crystal in different magnetic fields H, applied along
the ¢ axis.

part of the sample.'® The similar sensitivity of resistivity to
Neel temperature were reported for the RBa,Cu3Og.x
(R=Lu, Y) superconductors in the study.22

The additional maximum is suppressed by an external
magnetic field. In a field of 15 kOe, the maximum disap-
pears. At temperatures T < Tc, the resistivity of the sample
in the field H=2 kOe (H || ab) exceeds the value measured
in zero field. As the magnetic field is increased, the resistiv-
ity decreases. To thoroughly investigate this feature, we
measured the p.(H) dependences in the temperature range
T=2-80K. Figure 3 shows that the sample resistivity
increases in fields up to the critical field H, ~ 3 kOe; then the
effect changes its sign and, after that we observe the negative
magnetoresistance effect typical of manganites until the re-
sistivity saturation at H = 20 kOe.

In our previous work,> the effect of positive magnetore-
sistance was observed in perovskite manganites, but the rea-
son of the effect was quite different. If the Current-Voltage

Characteristics (CVCs) of the substituted lanthanum
0,20
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FIG. 2. Temperature dependence of in-plane magnetization M,;, and out-of-
plane magnetization M, for the La; 4Sr; ¢Mn,05 single crystal in a magnetic
field of 100 Oe.
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FIG. 3. Magnetic-field dependence of out-of-plane resistivity p. of the
La; 4Sr; ¢Mn,0O5 single crystal at different temperatures in the field applied
along the ab plane.

manganites are determined by the nonequilibrium overheat-
ing of carriers, they become strongly non-linear. As a conse-
quences, the p(H) dependences become extremely sensitive
to the value of measuring current j and sometimes have
portions of positive magnetoresistance. In case of the
(La;_,Nd,); 4511 ¢Mn,O7 samples, the value of transport cur-
rent was extremely small (j=0.1 A/em?) and CVCs were
always linear and we never observed the overheating of the
samples during measurements.

It can be seen that the resistivity and magnetization of
the sample saturate in the same applied magnetic field (see
Figs. 4 and 5). It should be noted that the positive magneto-
resistance effect is not observed in magnetic fields applied
along the c axis (Fig. 4).

The positive magnetoresistance effect was also observed
in the (LagoNdg 1)1.4Sr ¢Mn,O; sample, but at different
temperatures and fields than in the initial La; 4Sr; {Mn,O5
compound. Figure 6 shows temperature dependencies of
resistivity obtained in different magnetic fields applied along
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FIG. 4. Magnetic-field dependence of out-of-plane resistivity p. for the
La; 4Sr; ¢Mn,07 single crystal at T=4.2K in the field applied along the ¢
axis and in the ab plane.
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FIG. 5. In-plane magnetization M,;, and out-of-plane magnetization M, for
the La; 4511 ¢Mn,0O5 single crystal at T =4.2 K.

the ¢ axis. Analogously to the initial compound, with a
decrease in temperature to T, =90K the sample undergoes
the metal-insulator transition accompanied by the resistivity
drop. With a further decrease in temperature, the anomaly is
observed in the p.(T) dependence at T, = 60K in zero mag-
netic field. This anomaly contributes to the resistivity. The
temperature of the anomaly coincides with the temperature
of AFM ordering of the sample (see Fig. 7). When the mag-
netic field is applied, the anomaly is gradually smoothed and
completely vanishes at H= 15 kQOe. After that, the behavior
of the p.(T) curve with decreasing temperature is similar to
that for the initial compound. The feature observed at
T =65K is related to the occurrence of the positive magne-
toresistance (Fig. 6). To investigate the positive magnetore-
sistance effect, we measured the p.(H) dependences in the
temperature region 60-80K (see Fig. 8). It can be seen that
in external magnetic fields of up to H, ~ 3 kOe, the negative
magnetoresistance effect is observed in the sample. Above
critical field H,, the effect changes its sign and the positive

——H=0kOe
——H=2kOe
—— H=5kOe
—— H=20kOe
—— H=50kOe
—— H=90kOe

Pe, Q*cm

01 F

0 50 100 150 200 250
TK

FIG. 6. Temperature dependence of out-of-plane resistivity p. for the
(LapoNdp.1)1.4511 6sMn,O7 single crystal in different magnetic fields H
applied along the ¢ axis.
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FIG. 7. Temperature dependence of in-plane magnetization M,;, and out-
of-plane magnetization M. in a magnetic field of 1 kOe for the
(LapoNdy.1)1.4511 6Mn,0O7 single crystal.

magnetoresistance effect is observed in fields of 3—-10 kOe.
In the field H,, ~ 10 kOe, the effect changes its sign again
and with a further increase in the magnetic field the resistance
slightly decreases. The effect is observed in the temperature
range of 70K < T < 80 K.

We start the discussion of the observed effect with
the consideration of the magnetic structure of the initial
La; 4Sr; Mn,O; compound at temperatures T <T,.
According to the results reported in Ref. 13, in the initial
compound the bonds in the bilayers are always ferromag-
netic in the ab plane, while the magnetic ordering between
the bilayers can be both AFM and canted FM along the ¢
axis. In general, the state with the coexisting AFM and
canted FM phases is implemented (See Fig. 9).

Let us consider the magnetization of the initial com-
pound in a magnetic field applied along the ¢ axis (H || ¢) at
T < T, (Fig. 4). In this case, canted spins of manganese ions
in the FM phase rotate (the initial angle is 0 ~ 10° (Ref. 13))

—— T=80K

=
o
*
c
&
0,1 o -‘
Jzmzs p—"_
ﬂl.#‘-
——T—T
-20 -15 -10 -5 0 5 10 15 20
H (kOe)

FIG. 8. Magnetic-field dependence of out-of-plane resistivity p. for the
(Lag.oNdo.1)1.4511 6sMn,O7 single crystal at different temperatures in the field
applied along the ¢ axis.

J. Appl. Phys. 117, 163918 (2015)

FIG. 9. Schematic view of magnetic structure La; 4Sr; ¢Mn,0O; according to
the work.'?

and the magnetic moments of the AFM phase, which lie in
the ab plane, are aligned along the field direction. This
results in the drop of resistivity p. because, according to the
double-exchange mechanism, the translation integral is
t ~ cos(0/2),>* where 0 is the angle between spins of manga-
nese ions. In a magnetic field of 5 kOe, in which all the spins
are aligned along the c axis, the magnetization attains its
maximum value Mg, = 7.8 ug/f.u. (Fig. 5) and the resistivity
reaches its minimum value and stays unchanged as the mag-
netic field is further increased.

In the magnetic field applied in the ab plane, the mag-
netization process is essentially different. In magnetic fields
of up to 3 kOe, the magnetic moments of the FM bilayers lie
in the ab plane, which is accompanied by the resistivity
growth, since the angle between spins of Mn>" and Mn*"
ions increases due to the AFM exchange between the
bilayers.'*> When the magnetic field exceeds the value H, = 3
kOe, all the magnetic moments of the FM bilayers are
ordered in the ab plane. With a further increase in the mag-
netic field, the spins in the ab plane are completely aligned
along the magnetic field direction. The angle between the
spins of Mn**and Mn*" ions decreases, which leads to a
decrease in the resistivity. In a magnetic field of about 15
kOe, when all the magnetic moments are aligned along the
magnetic field direction (Fig. 5), the resistivity reaches its
minimum value, since the angle between the spins of Mn’"
and Mn*" ions becomes zero. The resistivity values for the
saturation field configurations H || ¢ and H || ab coincide
(Fig. 4).

As the temperature is increased to T =55 K, the positive
magnetoresistance effect disappears, since the resistivity
starts sharply increasing at approaching the AFM ordering
temperature Tn=65K. Therefore, the magnetization
decreases due to the enhancement of local thermal fluctua-
tions of the magnetic moments (Fig. 2). Against the
background of the thermal fluctuations, the positive magne-
toresistance effect becomes negligible (Fig. 3).
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FIG. 10. Magnetic-field dependence of out-of-plane resistivity p. for the
(LapoNdo.1)1.4511 6Mn,0O7 single crystal at the temperatures T =60, 70, and
80K in the field applied along the ¢ axis and in the ab plane.

According to the literature data,?’ upon doping the
initial composition with Nd, the crystal lattice is compressed
along the ¢ axis and the balance between the FM and AFM
interactions of the bilayers shifts toward the AFM interac-
tion. Thus, the larger part of the sample, as compared to the
composition without Nd, remains in the AFM phase and the
angle between the magnetic moments is larger than in the
initial composition. In contrast to the initial compound, in
which the easy magnetization axis is the ¢ axis,”> the FM
phase of the (Lag9Ndy 1);.4Sr; §Mn,O; sample has the easy
magnetization plane (the ab plane). Obviously, the occur-
rence of the positive magnetoresistance in the sample, as in
the initial compound, is related to its magnetic structure.
Further investigation is needed for the shift of the positive
magnetoresistance effect to the high-temperature region in
an external field, for the occurrence of the effect in a field
applied in the other crystallographic direction in the Nd-
doped sample, as well as for the discrepancy between the sat-
uration magnetoresistance values in the fields H || ¢ and H ||
ab (Fig. 10).

CONCLUSIONS

The temperature dependences of magnetoresistance of
the synthesized single-crystals La;4Sr; ¢Mn,O; and
(Lag9Ndg 1)1.4Sr1 §Mn,O; samples were investigated in a
wide temperature range in external magnetic fields applied

J. Appl. Phys. 117, 163918 (2015)

along the ¢ axis and in the ab plane of the crystals. For the
first time, the positive magnetoresistance effect was detected
for these crystals. In the La; 4Sr; (Mn,0O; sample, the effect
was observed in a magnetic field applied along the ab plane
in the temperature range T =4.2-50K, while in the doped
(Lag oNdg.1)1.4511 ¢Mn,05 crystal, the effect occurs in a field
applied in the ¢ plane at higher temperatures (about
T=60K). We showed that the positive magnetoresistance
originates from spin-dependent tunneling of carriers between
the manganese-oxygen bilayers and can be explained by fea-
tures of the magnetic structure of the investigated com-
pounds consisting of two magnetic phases, which arise at
different temperatures.
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