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The hysteretic behavioral features of magnetization and resistance upon remagnetiza-
tion under quasistatic (up to 9 T) and pulse (up to 14 T) magnetic fields have been
investigated. The relaxation processes of magnetization and resistance after the effect of
9 T magnetic field have also been studied. The mechanism of remagnetization of the
antiferromagnetic insulating-ferromagnetic metallic (AFM/I-FM/M) phases and the exist-
ence of high conductivity state of the sample after removal of the magnetizing field is
proposed for low temperatures. The mechanism is caused by structural transition, which is
induced by magnetic field (due to magnetostriction), and slow relaxation of the FM-phase
(greater volume) to the equilibrium AFM-phase (smaller volume) after the field removal.
Remagnetization of Ndj;SrysMnOjs single crystal under pulse field at low temperatures
(18 K) has shown that time of the AFM/I —» FM/M phase transition was lower than time
of the return FM/M — AFM/I phase transition by 6 orders of magnitude.

WccnenoBanbl rucrepesucHble 0COGEHHOCTH IIOBEICHUS HAMATHUYEHHOCTH U COMPOTUBJIEHUS
Ipy IepeMarHnuynBaHuy B KpasuctaruueckoM (1o 9 T) m mmnyascHom (mo 14 T) marmmrHOM
moJte. MayueHBl IPOIECCHI PeIaKCAlMN HAMATHHYEHHOCTH U COIPOTHUBJIEHUS IIOCJE BO3LEHCTBUA
marautHoro mouas 9 T. Huasa HUSKMX TeMIeparyp HPeijosKeH MEeXaHM3M IepeMarnmuuBanusa Gas
aHTH(EePPOMArHUTHON H30aHpyIolieil — deppomMarHuTHoi Mmertasanueckoir (AFM/I-FM/M) u
CYIIECTBOBAHUSA BLICOKOIIPOBOLSAIIEr0 COCTOAHUA 00pasia Iocje CHATHUSA HAMACHUYIUBAIOIIErO
mossi. Mexanusm 0OyCIIOBJIEH CTPYKTYPHBIM II€PEeX0J0M, KOTODPBIA HHAYIIMPOBAH MATHUTHBIM
moJsieM (8a CUeT MATHUTOCTPUKIINM), UM MeIJieHHOU penarcanueit FM-dase! (boabirero odbema) K
paBuoBecuoii AFM-dase (menblirero o6bema) 1mocjae CHATHA II0Jd. IlokasaHo, 4To JJaA TeMIepa-
Typel 18 K npu umnyascHOM mepeMarmmumpBanuu Bpems (asosoro mepexoma AFM/I — FM/M
Ha 6 OPAIKOB MeHbIlle BpeMmeHu (asosoro nepexoma FM/M — AFM/I.

Ocobaueocmi imnynvbcHoz0 i K6A3ICMAMULHO20 NEPEMAZHILYEAHHL MOHOKPUCMALA
Nd, 5SrgsMnO,.  B.T.Joseuii, O.I.Jlinnux, B.I.Kamenes, B.I0.Tapeunrxos, C.JI.Cudopos,
B.M.Todpuc, B.H.Muxaiinos, H.B,/lasudeiixo, T.OJIinHik.

HocrimkeHo ricrepesucHi ocoGaMBOCTI TOBELIHKYM HaMarHiueHocTi i omopy mpm mepemar-
"iuyBanHi y kBasicratuunomy (10 9 T) i imnyabcHoMy (mo 14 T) marmiTHOoMy moni. Busueno
mpotiecn pesakcarii mamarmiuenocti i omopy micna BmamBYy MarmitHoro moas 9 T. Haa
HUBBLKUX TEMIIEPATYD 3aTPOTIOHOBAHO MeXaHidM mepeMarHiuyBanus (a3 aHTuhepoMarHiTHOI
igomotouoi — depomarnmiTaoi merameroi (AFM/I-FM/M) i icHyBaHHS BHCOKOTPOBIZHOTO
CTaHy 3pasKa Iicjad SHATTA ToJsd, 1o HamarHiuye. MexanisM o0yMOBJeHUIl CTPYKTYPHUM
mepexogoM, SKUU IHAYKOBaHUII MATHITHUM mojeM (3a PaxyHOK MarHiTocTpukiii), i mo-
BinbHOW0O penakcarielo FM-dasu (6inbmroro o6’emy) mo pisaoBaskuoi AFM-dasu (MeHroro
o6’emy) micaa 3HATTA moasA. Ilokasano, mo ana Temmepatypu 18 K mpu imMmyascrmomy
nepemarHiuyBanui uyac ¢asoporo nepexoxy AFM/I - FM/M na 6 mopsaakiB MeHIle udacy
daszoporo nepexoxy FM/M — AFM/I.
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1. Introduction

The study of rare earth manganites with
perovskite structure is an important field of
solid-state physics. Interactions between
magnetic, electric and structural parame-
tres of these compounds are interesting as
for strong-correlated systems [1—-8]. The na-
ture of magnetic and electric interactions in
these materials is not completely clear now
and is a subject of wide discussions. The
compounds are interesting as materials that
show colossal magnetoresistance (CMR) and
can be used in magnetic recording and read-
ing devices, as high-sensitivity sensors of
magnetic field, current, temperature, and
pressure [3, 4].

Half-substituted manganites exhibit
spin, charge, and orbital ordering. This or-
dering can be suppressed by magnetic field
due to the transition from the antiferro-
magnetic semiconductor state to the ferro-
magnetic metallic state [5, 6].

In this work, we report the results of
studying the structural, magnetic, and
transport properties of NdggSrysMnOj3 sin-
gle crystals in the wide temperature range
(6...400 K) under quasi-static magnetic
field up to 9 T or pulse magnetic field up to
14 T. The processes of magnetization and
resistance relaxation after the effect of 9 T
magnetic field are also analyzed.

The purpose of this work was to reveal
the nature of the hysteretic behavior of the
field dependences of resistance and magneti-
zation at low temperatures in pulse and
quasi-static magnetic fields up to 14 T, as
well as to establish the reasons for the high
conductivity sample state after removal of
the magnetic field.

2. Experimental

Ndg sSrgsMnO3  single crystals were
grown by floating zone melting upon radia-
tive heating. The lattice parameters and
crystallographic axis directions were deter-
mined by DRON-2 X-ray diffractometer
(NiKa-radiation) from the positions of (600),
(060), and (008) lines. The samples under
study had the orthorhombic structure Pnma
with the lattice constants a = 0.54780 nm,
b=0.54308 nm, and ¢ =0.76116 nm. The
degree of distortion in a—b plane of the
crystal is sufficiently small (@ and b axes
are different by 0.9 %). Therefore, under
crystallization these crystallographic direc-
tions are not met resulting in twins forma-
tion in the sample. This becomes apparent
in bifurcation of the X-ray reflections.
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However the half-width of the rocking
curves for all directions did not exceed 1.5°,
which is indicative of a good quality of the
crystals grown. It should be noted that
twinning is a typical feature of manganite
single crystals with distorted perovskite
structure [7, 8].

The field and temperature dependences
of the magnetization M(H) and resistance
p(H) were measured by means of PPMS-9
setup in quasi-static magnetic field and
their relaxation was studied. The sample re-
sistance was determined by the four-probe
method. As the preliminary experiments
showed, the resistance depended weakly on
both the mutual direction of the magnetic
field and the measuring current and their
orientations with respect to the crystal-
lographic axes. Thus, the resistance was
measured in the following geometry: the
measuring current was directed along ¢ axis
of the crystal, and the magnetic field was
oriented perpendicularly to the current. The
dependences M(H) were analyzed in pulsed
magnetic field in the temperature range of
18...200 K wusing induction technique. In
each measuring cycle, the sample was sub-
jected to bipolar pulse of the magnetic field
with total width of 1.5 ms. In all experi-
ments, the magnetic field was oriented per-
pendicularly to ¢ erystallographic axis.

3. Results and discussions

Ndg 5Srg sMnO5 single crystals undergo
the following transformations upon cooling
(from room temperature): paramagnetic in-
sulator (PM/I)-ferromagnetic metal (FM/M)
(255 K) and ferromagnetic metal (FM/M)
(255—-150 K)-antiferromagnetic insulator
(AFM/I) (<150 K) [6]. In this paper, experi-
ments on pulsed and quasi-static remagneti-
zation carried out in the temperature range
below 150 K, i.e, in area of the existence of
antiferromagnetic insulator. Investigation
of the temperature dependences of magneti-
zation and resistance were carried out in
the range of 6...300 K. In this case all of
the above phase transitions have been de-
tected. Note that the phase transition
metal-insulator transition at T = 150 K for
our single crystal, apparently, can be attrib-
uted to the Mott type metal-insulator tran-
sition [9].

Fig. 1 shows the field dependences of
magnetization M(H) and resistivity p(H) (in
the inset) at temperature of 10 K under
quasi-static field (curves 1—4) and at tem-
perature of 18 K under pulsed field (curves
5-7). Curves 1—3 correspond to successive
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Fig. 1. Field dependences of magnetization
M(H) and resistivity p(H) (in the inset) of a
Ndj 5Srp sMNO4 single crystal at a temperature
of 10 K in a quasi-static field (curves 1—4) and
at a temperature of 18 K in a pulsed field
(curves 5—7). The directions of variation in the
magnetic field are shown by arrows.

magnetization and demagnetization of the
sample under quasi-static field up to 3, 6,
and 8(9) T. The magnetization curves dem-
onstrate coexistence of the FM and AFM
phases. Each time after reaching the equi-
librium state the initial portions of the
M(H) curves go along the same curve 4 and
correspond (under the weak fields) to mag-
netization of the existing FM phase,
whereas the hysteretic portions of M(H)
under the strong fields correspond to re-
magnetization of the AFM/I-FM/M phases.

Remagnetization under pulse field dif-
fers significantly from that under quasi-
static field. Magnetization of the sample,
which was initially in the equilibrium state,
begins along curve 5, and the AFM/I-FM/M
transition occurs sharply under pulsed field
of about 10 T. Demagnetization and remag-
netization under negative field occur along
curve 7 until the field becomes zero. Re-
peated remagnetization in 3—-5 min after the
end of the first cycle begins along curve 6.
The AFM/I-FM/M transition manifests it-
self under pulsed field of about 8 T. Then
remagnetization occurs again along curve 7.

The field dependences of resistivity p(H)
(Fig. 1, inset) under the quasi-static field
also exhibit hysteretic behavior; as can be
seen, there is sharp decrease in the resis-
tance under 9 T magnetic field, this high-
conductivity state remaining after magnetic
field removal. Note that, during magnetiza-
tion up to 3 T, dependence p(H) has a very
weak hysteresis and is reversible (curve 1-1).
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At the same time, after magnetization to
6 T, the sample resistance is much de-
creased and does not recover the initial
value after the field removal (curve 2-2).
The subsequent magnetization cycle to 9 T
began from this new value, yielded a larger
hysteresis, and led to the above-mentioned
high-conductivity state (curve 3-3). Com-
parison of the dependences M(H) and p(H)
reveals the contradiction: the magnetization
curves are closed and the sample is demag-
net ized under zero field, whereas the resis-
tivity curves are open (except for the cycle
1-1) and the low resistivity state is retained
with increase of magnetic field up to 9 T
and successive decrease to zero.

Fig. 2 and 3 show, respectively, the tem-
perature dependences of the magnetization
M(T) and resistivity p(T) after switching off
8(9) T magnetic field. The p(T) curve was
recorded immediately after the field removal,
and the M(T) curves were recorded both im-
mediately after the field removal (Fig. 2,
curve 2) and after 24 h (Fig. 2, curve I). It
can be seen in Fig. 2 that behavior of curve
1 is in good agreement with the known lit-
erature data [7]. At the same time, the de-
pendences p(T) (Fig. 3) and M(T) (Fig. 2,
curve 2) at low temperatures demonstrate
recovery of the equilibrium M and p values,
which is typical of the AFM state. Since the
M(T) and p(T) were recorded at very slow
increase of the temperature (~1 K/min), it
can be assumed that contribution of the
temperature in the relaxation process is
small at the low temperatures. Therefore,
the same data were used to construct the
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Fig. 2. Temperature dependences of magneti-
zation M(T) of a Ndg 5Sry sMnO; single crystal
(measured in a 0.5 T field): (I) 24 h after
removal of 8 T field and (2) immediately
after a decrease in the field from 8 to 0.5 T.
The relaxation curve of the initial portion of
the dependence M(T) is shown in the inset
(indicated by a rectangle).
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Fig. 3. Temperature dependence of resistivity
p(T) of a NdysSrysMnO4 single crystal. The
relaxation curve of the initial portion of the
dependence p(T) is shown in the inset (se-
lected by a rectangle).

time dependences of M(¢) and p(t) for the
lowest temperatures, where these are well
described by the exponential dependence.
Relaxation time constants at these regions
were T= 9.7 min and T = 7 min for magneti-
zation and resistivity, respectively (see in-
sets in Fig. 2 and 3).

According to the neutron diffraction
data and the results of magnetic investiga-
tions, there are three phases in
Ndg 5Srg sMnO; manganite at T < 150 K:
AFM of CE type (60 %), AFM of A type
(~20 %), and FM (~20 %) with a unit cell
volume Vip = 159.1 A3 (monoclinic symme-
try), V, = 158.65 A3, Vpy, = 159.4 A3 (or-
thorhombic symmetry) [9]. At the same
time, at T > 150 K, the main (>80 %)
phase is FM with the largest unit cell vol-
ume. Our experiments showed that, at tem-
peratures of about 10 K under magnetic
field, the AFM/I-FM/M transition occurred
as a result of the lattice transformation of
Ndg 5Srg sMnOj single crystal due to magne-
tostriction. Under the quasi-static magnetic
field, the rate of field change appears to be
comparable with the rate of the lattice
transformation and the AFM/I-FM/M tran-
sition occurs gradually (Fig. 1). At the same
time, apparently, under the pulse field, the
rate of field variation signally exceeds the
lattice transformation rate; therefore, the
AFM/I-FM/M transition occurs only when
the field value achieves the level at which
only the FM/M phase can exist. This conclu-
sion is confirmed by the transition sharp-
ness (Fig. 1, curve 5). Remind that total
duration of the bipolar pulse remagnetiza-
tion is ~ 1.5 ms. Therefore, the field
strength at which the rearrangement of the
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crystal lattice and the transition AFM/I-
FM/M with destruction of charge ordering
is achieved for 0.3...0.4 ms. From this we
can conclude that the transition itself oc-
curs in time that does not exceed 0.3 ms.
While the field decreases and becomes nega-
tive, the sample behaves as purely FM me-
dium, exhibiting a high magnetic moment.
This is especially obvious for the pulsed
field experiment (Fig. 1, curve 7). Under
quasi-static field, one can observe a hyster-
esis, the cause of which is that the sample
has enough time to partially relax to the
equilibrium state. As a result, after re-
peated magnetization under the positive or
negative field, the sample has smaller M
value. The hysteresis value is proportional
to the field to which the sample is magnet-
ized. The obvious reason for this is that
part of the AFM/I phase, which constantly
increases, passes to the FM/M state with in-
crease of the field. Metastability of the FM/M
state is evidenced by curve 6 in Fig. 1. As
was noted above, this curve was obtained in
a new cycle of pulse remagnetization in 3-
5 min after the end of the previous cycle.
Obviously, the sample was partially relaxed
to the AFM/I phase for this time; however,
part of the sample retained the FM/M phase
with lower magnetic moment, to which the
sample was magnetized after repeated re-
magnetization. Afterward, the complete
AFM/I-FM/M transition occurs under the
weaker pulsed field (about 8 T). Thus, re-
covery of the equilibrium lattice of the
phase AFM/I with recovery of the charge
ordering takes place many minutes at tem-
peratures of 10...20 K after removal of the
magnetic field. This is about 6 orders of
magnitude higher than the transition to the
metastable phase FM/M during magnetiza-
tion of the crystal. Mentioned relaxation is
strongly temperature dependent and at
higher temperatures the process is faster.
Fig. 4 shows the T—-H diagram in order
to compare the influence of pulse and quasi-
static magnetic field on AFM/I<FM/M
magnetic transitions in Ndg 5Srg sMnO5 sin-
gle crystal. The wide region (inclined shad-
ing to the right) corresponds to critical
magnetic fields of phase transition at pulse
remagnetization (right points are the
AFM/I-FM/M transition, the left points are
the return FM/M—-AFM/I transition). The
narrow region (cross shading) corresponds
to critical magnetic fields of phase transi-
tion at quasi-static remagnetization (the
fields of return FM/M-AFM/I transition
are shown by shaped line). We can see from
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Fig. 4. T-H diagram of a Nd; 5Sry sMnO; sin-
gle crystal in the pulse field. The dashed line
is a phase transition boundary AFM/I in the
quasi-static field.

the phase diagram that the area of existence
of metastable phase FM/M at remagnetiza-
tion under the pulse field is much wider,
than under the quasi-static one.

Tunnel spectroscopy experiments with
Ndy 5Srg sMNO5 show that the gap in the den-
sity of states at the charge ordering tempera-
ture is ~ 300 meV. This gap is much wider
than the energy of charge ordering (~ 12 meV)
and 9 T magnetic field (~ 1.8 meV) [10, 11].
Therefore, it is unclear how the field of
several Tesla can destroy the charge-ordered
state on this energy scale.

Apparently, the AFM — FM transition is
possible because of the existence of several
phases, both the magnetic and structural, as
well as induction by the magnetic field due
to magnetostriction of the structural trans-
formation with increase in the unit-cell vol-
ume. This transition is clearly accompanied
by the destruction of the charge ordering
and disappearance of the gap in the density
of states, as is in the case of the spontane-
ous transition to the FM-state at tempera-
ture of 150 K. After removal of the mag-
netic field, the crystal structure slowly re-
laxes to the equilibrium structure typical of
the AFM phase. The nonequilibrium FM
phase existing near 10 K for several min-
utes leads to the high-conductivity state of
the sample.
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4. Conclusions

Remagnetization of Ndg 5Srg sMnOj5 single
crystal under pulse field at low tempera-
tures (18 K) has shown that time of the
AFM/I - FM/M phase transition was lower
than time of the return FM/M — AFM/I
phase transition by 6 orders of magnitude.
The same relationship of times took place at
destruction and restoration of the charge
ordering.

Energy of the magnetic field 9 T
(~ 1.8 meV) is not enough to implement the
transition AFM/I - FM/M and the destruc-
tion of the charge ordering (ETcpo~ 12 meV,
Aco~ 300 meV). Therefore the described ef-
fect is obviously due to structural transi-
tion that is induced by the magnetic field
caused by magnetostriction. This is accom-
panied by the charge ordering destruction
and increase of the cell volume.

Existence of the nonequilibrium FM
phase at 10 K for many minutes causes con-
ducting state of the sample after removal of
the magnetic field due to slow relaxation of
the nonequilibrium FM-phase (with in-
creased lattice volume) into the equilibrium
AFM-phase (with smaller lattice volume).
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