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Abstract

®

CrossMark

Low-temperature-high-magnetic field magnetic force microscopy studies on colossal
magnetoresistance material Smg 5Cag »5Sr92sMnO3 have been carried out. These
measurements provide real-space visualization of antiferromagnetic—ferromagnetic
(AFM-FM) transition on sub-micron length scale and explain the presence of AFM—-FM
transition in the temperature-dependent magnetization measurements, but the absence of
corresponding metal—insulator transition in temperature-dependent resistivity measurements
at the low magnetic field. Distribution of transition temperature over the scanned area indicates
towards the quench disorder broadening of the first-order magnetic phase transition. It shows
that the length scale of chemical inhomogeneity extends over several micrometers.

Keywords: magnetic phase transition, magnetic force microscopy, metal—insulator transition,

colossal magnetoresistance material

(Some figures may appear in colour only in the online journal)

1. Introduction

Doped perovskite manganites having general formula
RE,|_AE,MnO;3; (where RE and AE represent rare-earth
and alkaline earth elements, respectively) show an intricate
interplay of lattice, charge, and spin degrees of freedom,
which give rise to nearly degenerate but contrasting magnetic
and electronic states [1-6]. These states are susceptible to
small perturbation which results in metal—insulator transition
(MIT), colossal magnetoresistance (CMR) [7, 8], magne-
tocaloric effect [5, 9—11] etc. The ground state of these
systems strongly depends on the bandwidth of the system
e.g. narrow bandwidth systems order in a robust charge
order antiferromagnetic insulator (CO-AF-I) state, whereas
wide bandwidth systems order in a ferromagnetic metal
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(FM-M) state [12, 13]. The CO-AF-I state of narrow band-
width half doped manganites like Prys5CapsMnOs; (PCMO),
SmpsCapsMnO3; (SCMO) etc are highly insulating and
require about 500 kOe magnetic field to melt it into a FM-M
state, resulting in CMR [4, 12, 14]. Recently, a record high
value of MR (10'3%) has been reported in polycrystalline
Smy sCag 25Sro2sMnO3 (SCSMO) by Banik et al [15].The
compound can be considered as a derivative of SCMO
(a narrow bandwidth system with robust CO-AF-I ground
state) and Pry sSro sMnO; (PSMO; a wide-bandwidth system
with weak CO-AF-I state). As a result, zero-field cooled sate is
highly insulating like SCMO, which is melted at much lower
critical field like PSMO, resulting in CMR for a magnetic field
of 20-30 kOe at liquid helium temperature. The magnetic
behavior of this system is similar to Al-doped PCMO [16],
PSMO [17], Nd0<5Sr0‘5MnO3 [18], La045Cao,5MnO3 [19, 20],
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(LaPrCa)MnO3; (LPCMO) [21-25] etc, where observed
thermomagnetic irreversibility has been attributed to path-
dependent AF-I and FM-M phase coexistent. Evidence of
co-existing phases has been provided by several techniques
including temperature-dependent magnetic force microscopy
(MFM). These studies showed nucleation and growth of
product phase over a wide temperature range [21, 24-27].
However, such MFM studies with temperature and magnetic
field are few and more work is required in this direction
to understand the nature of thermomagnetic irreversibility
and the length scale of phase coexistence. Here, we report
our MFM studies on single crystalline (SC) SCSMO at low
temperature (down to 10 K) and high magnetic field, which
brings out the history-dependent magnetic phase evolution on
a mesoscopic length scale.

2. Experimental details

The SC-SCSMO sample studied in the present study is from
the same ingot which had been used in the previous study
[28]. The DC magnetization (M) measurements have been car-
ried out using superconducting quantum interference device-
vibrating sample magnetometer (SQUID-VSM) from M/s.
Quantum design. Electrical resistivity (p) was measured in
a cryogenic set-up using standard linear four-probe config-
uration in longitudinal geometry. MFM measurements have
been performed on a mirror finished polished surface of SC-
SCSMO using low-temperature-high-magnetic field (LTHM)
fiber interferometer based AFM-MFM system from M/s.
Attocube Systems AG, Germany and 90 kOe superconduct-
ing magnet system from M/s. American Magnetics, USA. All
the images presented in this manuscript had been collected
using the dual-pass mode, where the first pass measured topog-
raphy and the second pass measured magnetic contrasts (as
frequency shift Af) with a lift off of 60 nm.

3. Results and discussions

Figure 1(a) shows the M vs T of SC-SCSMO, which is mea-
sured in the presence of 10 kOe magnetic field during zero-
field cooled warming (ZFCW), field cooled cooling (FCC),
and field cooled warming (FCW). A thermal hysteresis of
about 16 K for FCC and FCW curves indicate a first-order
antiferro—ferromagnetic (AF—FM) transition. The transforma-
tion taken as the temperature of minimum in dM/dT, are found
to be 55 £+ 13 K (T*) during cooling and 71 K (7**) dur-
ing warming. The M values during ZFCW remain lower for
T < T**. On the other hand p-T (figure 1(b)) measured in the
absence of applied magnetic field as well as in the presence of
20 kOe magnetic field shows an insulating behavior without
any signature of MIT. The 20 kOe p curve follows zero-field
curve but for 7 < 50 K, where p(20 kOe) < p(0 kOe). As
highlighted in the inset, In(p) varies linearly with 7~'/# in the
absence of an applied magnetic field, which indicates a vari-
able range hopping conduction mechanism. For p(20 kOe), a
deviation can be noticed below 40 K. The observed p behav-
ior is similar to that observed in the case of LPCMO thin
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Figure 1. (a) Temperature dependence of magnetization (M) of
SC-SCSMO measured during ZFCW, FCC, and FCW in the
presence of a 10 kOe magnetic field. (b) The temperature
dependence of resistivity (p) of SCSMO-SC measured in 0 kOe and

20 kOe applied magnetic field. Linear In(p) vs T~'/* in the inset

highlights variable range hopping conduction mechanism in the
absence of applied magnetic field and deviation from it at low
temperature in the presence of 20 kOe.

film above its MIT [21]. There, an apparent change in trans-
port mechanism has been identified with the nucleation and
growth of the FM-M phase in the insulating AF-I matrix on a
sub-micron length scale. For a detailed understanding of the
change of magnetic ground state upon application of the mag-
netic field, isothermal resistivity measurement at 7 = 2 K has
been performed (as shown in figure 2). The flat region in the
p(T) curve, formed due to the CO-AF-I state existed below a
critical field (H¢) value of around 30 kOe. A higher magnetic
field above H¢ helps to melt this robust CO-AF-I state into
an FM-M state and the system settled down to a low resistive
state even after removal of the magnetic field. In addition to it,
abrupt insulator to metal transition in the virgin curve is promi-
nent. Abrupt resistivity change with magnetic field has been
reported initially in the isothermal magnetoresistance data of
Ndy 5SrgsMnOj5 single crystal by Kuwahara et al [29]. Sub-
sequently, similar feature in isothermal p—H and M—H mea-
surement has been reported for several other manganite single
crystal as well as polycrystals [15,29-35]. These studies bring
out that the discontinuous transitions are observed at low tem-
perature (typically less than 5 K), critical field for triggering
the transition depend on field sweep rate as well as cooling his-
tory of the sample, and transition is accompanied with momen-
tary increase of sample temperature. The origin of abrupt
transformation remains unclear with possible explanations;
strain between co-existing phases, orbital frustration, blocked
metastable states etc. The latter explanation gains support from
the fact that such abrupt transitions are not limited to mangan-
ite and has been observed in a wide variety of systems e.g.
Ta doped HfFe, [36, 37], LaFe,B¢ [38], Nd;Rh3 [39], doped
CeFe, [40]. Common ingredient among all these systems



J. Phys.: Condens. Matter 33 (2021) 235402

D Mazumdar et al

13

10
101 i +—Voltage Linit
CH|
Q 107
S 't
= T !
Tl
o 10} T=2K
L HCI~29.4kOe
10! //—ICZ~41.4kOe
10°

90 -60 -30 0 30 60 90
H (kOe)

Figure 2. Variation of electrical resistivity (p) with external
magnetic field (H) measured after zero field cooling at 7 = 2 K.

is the quench disorder broadened first-order phase transition
and presence of kinetically arrested metastable magnetic state
at low temperature.

Since aim of present investigation was the study of phase
co-existence across magnetic transition therefore MFM mea-
surements were carried out for 7 > 10 K, at which transition
becomes less abrupt and provide a reasonable magnetic field
window to observe co-existing phases. The field-induced tran-
sition in M—H and MFM measurement is shown in figure 3 at
10 K. For these measurements, the sample was cooled under
zero field to 10 K and magnetic field was applied isother-
mally at 10 K. Magnetization (M) varies almost linearly with
an increase in magnetic field up to 20 kOe and shows a field-
induced transition to FM state with further increase in the mag-
netic field. The transition appears to continues up to 70 kOe,
the maximum field available with SQUID-VSM. With reduc-
ing magnetic field, M remains nearly constant down to 10 kOe
and then decreases rapidly to zero. MFM images along with its
histogram of the frequency shift are shown for the labeled mag-
netic field value and direction (indicated by the red star in the
M-H curve). The MFM image at 10 K before the application
of the magnetic field (image (a)) shows negligible Af, which is
consistent with AF state for ZFC sample in bulk magnetization
measurements [15]. The MFM images within 5-35 kOe are
found to be almost independent of the magnetic field and one
typical image is shown as image (b). It shows uniform contrast
with some line-like features. The contrast in the MFM images
start to change at 40 kOe (image (c)), where dark region at the
bottom left corner indicates the growth of the FM region. With
further increase in magnetic field, the dark region expands and
almost 50% area of the image at 50 kOe (image (d)) and covers
almost complete image at 60 kOe (image (e)). The presence
of line-like features in otherwise uniform contrast at 60 kOe
(image (e)) is almost identical to that observed at 10 kOe i.e.
image (b). Therefore, these features may be attributed to crack
or some impurity phases, beneath the sample surface. With
reducing magnetic field the MFM images remain unchanged
down to 10 kOe (image (f)). The contrast in the image (g),
which, is measured at 0 kOe after field cycling at 10 K, shows
an almost equal distribution of dark and light regions. Here,

contrast variation can be attributed to randomly oriented FM
domains of a few micrometer sizes. It is supported by the fact
that this contrast vanishes with the application of a small mag-
netic field e.g. see the first image in figure 4 corresponds to
T =10 K, H = 20 kOe measured immediately after mag-
netic field cycling at 10 K. The overall frequency shift for this
image is 154 Hz, which is close to image (f) in figure 3. This
experiment shows that FM phase grows at the expense of AF
phase with increase in magnetic field and within the transition
window FM and AF phase co-exist on a micrometer length
scale.

The thermal evolution of the field-induced FM state at 10 K
(obtained after field cycling in figure 3), is studied during
warming in the presence of 20 kOe magnetic field. The mea-
surement is carried out immediately after the isothermal field
cycling measurement discussed above i.e. 20 kOe magnetic
field is applied again after field cycling 0—70-0 at 10 K. As
discussed above, the MFM image at 10 K in figure 4 repre-
sents almost FM state. The contrast remains unchanged up
to 40 K indicating that field-induced FM state is retained up
to this temperature. Transition to AF state can be observed
around 60 K, which shows the presence of nearly equal area
corresponding to the dark and light region. At 65 K, isolated
dark regions of few micron sizes with much smaller Af are
observed and finally at 70 K Af variation becomes negligible.
Though the scanned area in these images are not exactly identi-
cal, it can be inferred that regions which showed field-induced
transition to FM state around 40—60 kOe at 10 K transform to
AF state on warming in the temperature range 60—65 K in the
presence of 20 kOe magnetic field.

The results of MFM and M—-T measurement during FCC
and FCW in the presence of a 20 kOe magnetic field are shown
in figure 5. During FCC, FM nuclei of a few micrometer sizes
appear around 35 K. The regions grow in size along with the
appearance of new FM regions at 25 K and this state remains
nearly unchanged with further cooling to 15 K. The sample
is warmed from 15 K to 25 K and left for 12 h. In contrast
to 25 K and 15 K images during cooling, it shows additional
FM regions, which brings out the extremely slow nature of AF
to FM transformation at low temperature. The MFM images
remain nearly unchanged on further warming up to 60 K. At
65 K, a small FM circular region of a few micron diameters
appears to be at the same position at which, the FM region
appeared during cooling around 35 K. Finally contrast van-
ishes again at 70 K. The occurrence of AF to FM transition
in the form of isolated, non-percolative FM region explains
the presence of FM—AF transition in M—T, but the absence of
corresponding MIT in p—T measurements.

These results can be explained in the framework of broaden-
ing of first order transition due to quench disorder [43, 44]. One
inherent source of quench disorder is chemical inhomogeneity
in doped compound. Several reports on the effect of quenched
disorder and phase coexistence on the modification of the
ground state of half-doped manganites are already documented
in the literature [15-18, 21, 26, 27, 41-47]. For example, the
strength of charge-ordering in the narrow bandwidth PCMO
system is systematically weaken when the doping concentra-
tion of Al on the Mn-site increases and ferromagnetic clusters
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Figure 3. Isothermal MFM and bulk magnetization (M) measurement showing field induced AF—FM transition at 10 K for a zero-field
cooled SCSMO single crystal. Each MFM image represents an area of 7 ym x 7 pm of the sample. The histogram below the MFM image
show distribution of frequency shift (Af on x-axis and y-axis is count normalized to 1). The red stars in the M vs H plot mark the field values

at which MFM images were measured.
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Figure 4. MFM images of SCSMO single-crystal taken during
warming in the presence of 20 kOe magnetic field. These images
were measured immediately after isothermal field cycling
measurement shown in figure 3. Each MFM image represent an area
of 7 pm x 7 pum and range of color scale (Af) are written below the
respective MFM image, where dark color represent higher
frequency shift.

with finite-size formed due to the presence of quenched disor-
der in the system [16, 26, 41]. The effect of quenched disorder
on the physical properties can also be observed in larger band-
width manganite systems like Ndj 5Sry sMnOs [42]. As stated

in the introduction, the system under study can be consid-
ered as a solution of SCMO and Smyg 5Srg sMnOs. The lattice
mismatch due to Ca and Sr doping affects the Mn—O bond
lengths and (Mn—O-Mn) bond angles, and therefore one-
electron bandwidth of the system. As a result substitution of
St for Ca result in weakening of CO, which is evidenced from
lower critical field required for melting of CO with increase
in Ca concentration [48]. An inhomogeneity in Ca and Sr
on the length scale of correlation length can lead to different
critical field for different regions of the sample. For a macro-
scopic sample, therefore transition will occur over a magnetic
field range. In a two-parameter (H, T) space it implies that
otherwise sharp transition line for an ideal first-order mag-
netic transition becomes a band made up of quasicontinuum of
lines, each representing a region of the sample [21, 27, 44—-46].
This is shown schematically at the bottom of figure 5, which
represents the band corresponding to transformation during
cooling/field increasing (H*, T*) and warming/field decrease
(H*™*, T*"). Since the transition takes place from low-7T FM
to a high-T AF state, the slopes of these bands are positive.
From this diagram, it is evident that the region which trans-
forms at lower T (dark color) with temperature sweep, requires
higher H for field-induced transformation. The MFM images
measured during isothermal field cycling (along the path BC)
showed transition around 40-50 kOe at 10 K in figure 3.
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Figure 5. MFM images and bulk magnetization (M) of SCSMO
single crystal measured during FCC and subsequent warming
(FCW). The red stars in the MFM image correspond to the
temperatures of the MFM images shown in the figure. Each MEM
image represent an area of 7 um x 7 pum and range of color scale
(Af) are written below respective MFM image, where dark color
represent higher frequency shift. Schematic (H, T) phase diagram of
disorder broadened first-order transition of the present sample,
where AF to FM transition occurs across (H*, T*) band and FM to
AF transition occurs across (H**, T**) band. Solid arrows represent
the path followed for MFM measurement presented in this
manuscript. See text for details.

This window is much smaller and lies toward the higher field
side of 20—60 kOe transition window observed in bulk M—H
measurement i.e. studied region in the MFM measurement in
figure 3 corresponds to darker region of the (H*, T*) band in
figure 5. As expected, with an increase in temperature (path
DE) these field-induced FM regions transform into AF state
at lower temperature side of 7** band (dark blue band) or
within 60—65 K then the bulk sample (60—80 K). During FCC
in the presence of 20 kOe, only a small fraction of (H*, T*)
band is crossed therefore only a few FM region are observed
during cooling. The identical nucleation and annihilation posi-
tion of FM nuclei during FCC (at 35 K) and FCW (at 65 K)
conforms to the transition distribution due to quench disorder

broadening. The fact that the transition width in MFM mea-
surements are much smaller (about 30%) than that observed
in bulk magnetization measurement, it suggests that the
length scale of chemical inhomogeneity is much larger than
7 micro-meter.

4. Conclusions

To conclude, the path-dependent LTHM-MFM measure-
ment shows phase co-existence over a length scale of sub-
micrometer to several micrometers. These measurements bring
out transition temperature variation over the scanned area,
which can be attributed to the compositional fluctuation inher-
ent in substitutional alloys. Transformation from AF to FM
state occurs within the field range 40—60 kOe at 10 K in con-
trast to 20—70 kOe observed in the bulk measurement. Simi-
larly, the FM phase obtained after field cycling transform to AF
state in the temperature range 60—65 K in contrast to 60—-80 K
during warming in the presence of 20 kOe magnetic field.
The nucleation of growth of isolated FM region explains the
presence of FM—AF transition in MT but its absence in p—T
measurement. The growth of the FM region with time (about
12 h) brings out the metastable nature of the co-existing
magnetic state, which will require further measurements.
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