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Abstract

®

CrossMark

With the goal of elucidating the background of photoinduced ferromagnetism phenomena
observed in the perovskite structured (Pr,Ca) manganites, the low-temperature
magnetostructure of the material Prg9Cag;MnO3 was revised using cold neutron powder
diffraction, SQUID magnetometry and ab initio calculations. Particular emphasis was placed
on determining the presence of nanoscale magnetic phase separation. Previously published
results of a canted A-AFM average ground state were reproduced to a good precision both
experimentally and theoretically, and complemented by investigating the effects of an applied
magnetic field of 2.7 T on the magnetostructure. Explicit evidence of nanoscale magnetic
clusters in the material was obtained based on high-resolution neutron diffractograms. Along
with several supporting arguments, we present this finding as a justification for extending the
nanoscale magnetic phase separation model of manganites to the material under discussion
despite its very low Ca doping level in the context of the model. In the light of the new data,
we also conclude that the low temperature magnetic moment of Pr must be ca. 300% larger
than previously thought in this material, close to the high spin value of 2 pi5 per formula unit.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The perovskite manganite family Pr;_,Ca,MnO; (PCMO),
i.e. the set of solid solutions between PrMnO3; and CaMnOs,
contains a variety of multifunctional semiconductor mate-
rials. Since the first description of the magnetic and nuclear
structure of PCMO based on neutron diffraction (ND) by Jirdk
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et al in 1985 [1], the colossal resistivity switching and related
electromagnetic phase separation behaviour of PCMO (which
can be observed under the influence of many different external
stimuli such as pressure, electric and magnetic fields and elec-
tromagnetic radiation [2-9]) has sparked numerous fasci-
nating investigations. In particular, a very recent study [10] has
shown the capacity of a magnetically biased PCMO thin film
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to perform as a light-activated electronic switch with an off/
on resistivity ratio higher than 10’thanks to the dynamically
adjustable equilibrium between insulating antiferromagnetic
(AFM) regions and metallic ferromagnetic (FM) clusters.

Previous ND studies of PCMO have explored the promi-
nent Jahn-Teller distortion at x = 0.0 [11], the exotic FM
insulator state at x = 0.25 [12], the electronic phase separation
caused by the dominant double exchange (DE) interaction at
0.2<x<0.33 [13-15], photoinduced magnetism [8] and the
first order metamagnetic transition [5] at x = 0.3, the effect of
Sr doping at x = 0.4 [16] and the complex relations between
charge and spin ordering around x = 0.5 [17-20].

There have been some objections [21] to the validity of the
DE-driven electromagnetic cluster phase separation frame-
work in the case of PCMO [3, 8], but nearly all published
results are compatible with the phase separation scheme. The
motivation for our present work was to explicitly clarify the
situation for PCMO at the Ca doping level x = 0.1, which
is outside the ‘optimal’ doping range for the colossal resis-
tivity phenomena, but has still been recently associated with
a related, DE-driven persistent photoinduced magnetization
phenomenon [7]. Another incentive for our inquiry came from
the observation that even though the published magnetization
isotherms [22] and AC magnetic susceptibility data [23] are
entirely compatible with a ‘simple’ canted antiferromagnet
model [1, 24] at x = 0.1, one only has to go up to x = 0.2 to
find strong signs of magnetic cluster glass behaviour [23] and
to x = 0.3 to conclusively observe a metamagnetic insulator-
to-metal transition (IMT) [3, 8, 22] with a critical magnetic
field of order puyH.~5 T [22]. Both the cluster glass behav-
iour and the IMT are understood to originate from shifts in a
dynamic AFM-FM phase equilibrium [3].

We now report a revision of the published ground state
magnetostructure of PCMO x = 0.1 [1, 24] based on a com-
bination of data from cold neutron powder diffractometry,
SQUID magnetometry and ab initio calculations. Thanks to
the high resolution of our experiments, the possibility of per-
forming ND in a relatively strong external magnetic field, and
the development of powerful computational methods, we are
able to suggest a refinement of the magnetic ground state, and
reassess the roles of Pr spins and the electromagnetic phase
separation in PCMO x = 0.1.

2. Materials and methods

A Prp9Cap MnOj3; sample (PCMO x = 0.1) was produced by
the following route, which we may generally recommend for
PCMO. Powders of analysis grade PrsO;;, CaCO3 and Mn,03
were dried overnight at 470 K. Stoichiometric amounts were
weighed on an analytical balance and mixed by mortaring.
The mixture was calcined in air at 1020 K for 60 h. This tem-
perature is high enough to readily calcine CaCOj3 into CaO,
but still low enough to avoid the spontaneous reduction of
Mn;,03 into Mn3O4, a common persistent impurity phase in
manganites. Finally, the calcined oxide mixture was repeat-
edly mortared and sintered in air at 1600 K for 36h at a time.
Room temperature powder x-ray diffraction (XRD) was used

to monitor the formation and purity of the PCMO phase. Two
sintering burns were found sufficient for obtaining a pure, well
crystallized sample. Using the XRD data and later ND results
to determine the cation and oxygen stoichiometries, respec-
tively, the chemical composition of the sample was found
to be Prggo(l)Cagjo(1)Mn8§8(3)Mn3L(3)O§_61(1). The subscripts
in parentheses indicate the standard deviations obtained via
Rietveld refinement.

Powder ND experiments were performed on the DMC
instrument at SINQ, Paul Scherrer Institute, Switzerland. The
polycrystalline PCMO was pelletized and suspended in a ven-
tilated Al sample holder by a Cd spacer wrapped in Al foil.
This assembly was to prevent the reorientation of crystallites
when an external magnetic field was applied. Diffractograms
were collected at the temperatures 7= 160 K, 125 K, 90 K,
55 K and 5 K using the wavelength A ~ 2.45 A, and in high
resolution at 7= 160 K, 55 K and 5 K using A ~4.20 A.
A version of each diffractogram was first collected without
an external magnetic field and then in a field of 2.7 T (upper
hardware limit minus a 0.1 T safety margin), with the sample
degaussed in the paramagnetic (PM) state at 160 K and field
cooled whenever appropriate. The ND data were analyzed
using Levenberg—Marquardt, Le Bail and finally Rietveld fits
provided by the FullPROF program package [25]. The nuclear
structural analysis was performed in the space group Pbnm.
The propagation vector (0, 0, 0) was assumed for all mag-
netic structures, providing simplicity and sufficient accuracy.
The absence of any preferred crystallite orientation, initial or
magnetically induced, was confirmed by Rietveld fits to the
T = 160 K, PM state datasets (the sample was put through all
in-field measurements at 2.45 A before the 4.20 A, 160 K data
were collected).

The temperature dependence of the magnetization of
PCMO x=0.1 was measured in magnetizing fields of
ol = 2.7 T (same as the ND experiment) and poH = 4.8 T
(hardware limit) using a Quantum Design MPMS XL SQUID
open-circuit magnetometer. The powder sample was rolled
into a ball of PTFE tape, fixing the demagnetizing factor at
N ~ 1/3. The validity of this N value for calculations was veri-
fied by measuring a demagnetizing curve in the soft ferroma-
getic state at 7= 70 K.

Next to the experimental studies of the material an ab
initio investigation of PrMnOj; and Prg¢Cap MnOs; was
performed by means of the multiple-scattering Korringa—
Kohn-Rostocker Green function method (KKR) [26], which is
based on density functional theory (DFT) [27, 28]. We used a
scalar-relativistic approach [29, 30] as it is implemented within
the computer program Hutsepot. The evaluation of the Green
function in terms of spherical harmonics was expanded up to
a maximal angular momentum of / = 3. As an approximation
for the exchange-correlation functional we used the LibXC
implementation [31] of PBE-Sol [32], which is a generalized
gradient approximation specialised for solids and surfaces. To
properly simulate the Pry 9¢Cao MnO3 compound and to include
oxygen vacancies the coherent-potential approximation (CPA)
[33-35] was applied. Correlation effects of localized Mn
d- and Pr f-electrons were treated by using a DFT + U approach
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Figure 1. Observed high-resolution neutron diffractograms at the
wavelength A = 4.20 A. The peaks are indexed corresponding to the
space group Pbnm. They are also labeled FM or AFM based on the
predominant type of magnetic order associated with them, although
many have contributions from both FM and AFM order. The star
symbol marks a magnetic peak associated with the (1 0 1) reflection
of an otherwise undetected Mn3O, impurity phase.

[36] with values U§" = Uy — J = 1eV and U = Uy — J = 3¢V,
respectively. The magnetic ordering observed during the
experiments was cross-checked by calculating Heisenberg
exchange parameters J;; within the framework of the magnetic
force theorem [37] and by applying a Monte Carlo method.

3. Results

Figure 1 shows a summary of the raw A = 4.20 A high reso-
lution neutron diffractograms at the temperatures 7= 160 K
(PM state), T = 55 Kand T = 5 K (AFM state), both with and
without an external magnetic field of yuyH = 2.7 T. The data-
sets at different p1yH are separated by an arbitrary intensity
shift, but for each applied field the increase of the background
with temperature is due to incoherent scattering from PM
ions. The PCMO x = 0.1 reflections are indexed with respect
to the Pbnm unit cell. The predominant magnetic character
(FM or AFM) of each peak is also indicated, although many
peaks like (1 1 1) actually have both FM and AFM intensity
contributions based on the underlying magnetostructural sym-
metry conditions. Note how the increased background cancels
the temperature dependence of the FM (0 2 0) reflection at
ol = 0.0 T. A very small amount of Mn3Oy4, a typical
ferrimagnetic impurity phase in manganites [38—41] with a
Néel transition at Ty ~ 45 K [42], can be observed in the 5 K
diffractograms due to the considerably low noise level (high
counting time). No other signs of complications from this
impurity were met during the course of the present work.

A typical Rietveld plot is given in figure 2, showing the
refinement of the dataset at A\ = 2.45 A, T=55K,u,H=00T.
Thanks to the smaller )\, a greater range of PCMO x = 0.1
reflections are obtained—they are again indexed within the
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Figure 2. The Rietveld refinement of the A = 2.45 A neutron
diffraction dataset at T = 55 K, 1ol = 0.0 T. The PCMO peaks
have been indexed in correspondence with the space group Pbnm.
The observed and calculated intensities are drawn on a square-root
scale, which somewhat emphasizes features that have small absolute
intensities. The error curve shows the direct visual difference
between the two intensity plots.

Table 1. Parameters of the PCMO nuclear lattice in the PM state
(T =160 K).

T=160K, ugH = 0.0 T

Cell 5.4321(3) A
5.5850(3) A
7.6061(4) A
12

0

0
—0.009(1)
0.040(1)
1/4
0.0825(8)
0.4873(8)
1/4
—0.2833(5)
0.2995(4)
0.0384(4)

(4b)

(40)

O, (4¢)

0, (8d)

N = xR N RN R N R O SY

Note: The numbers in parentheses indicate the standard deviations of the
least significant digits of the respective parameter values. Except for a, b
and c, the changes to the parameters were negligible at lower temperatures.

Pbnm unit cell. A single peak from the Al sample holder is
also visible. As can be seen from the error curve, the noise
level is very low, indicating excellent counting statistics, even
overcounting. The majority of the residual error is due to
imperfect peak shape modeling; x> = 26.18 for this Rietveld
fit, whereas y* = 25.70 for the corresponding Le Bail fit.
Therefore, the excess contribution [43] to x? from the struc-
tural and magnetic models is only a rather acceptable 0.48.
The peak shape modeling problem is fundamentally due to
strongly nonlinear upturns of the background around magnetic
peaks, a phenomenon arguably resulting from diffraction from
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Table 2. Experimental AFM-state magnetostructural parameters
of PCMO x = 0.1: the lattice paramters a, b, ¢ of the Pbnm cell,
the orientations ¢,, ¢, of the FM Mn spin layers (defined as angles
from the x axis by the right hand rule around z) and the Mn and Pr
magnetic moments, myy, and mp;, per formula unit.

HoH =0.0T o =27T
T=55K a(A) 5.4329(3) 5.4353(3)
b (A) 5.5836(3) 5.5848(3)
c(A) 7.6076(4) 7.6135(4)
¢, (°) 53(5) 73(5)
62 () 102(5) 106(5)
Matn (fig) 2.74(4) 2.79(9)
mp: ({ip) 1.0(2) 1.5(3)
T=5K a(A) 5.4337(2) 5.4353(2)
b (A) 5.5790(2) 5.5799(2)
c(A) 7.6080(3) 7.6126(3)
¢ () 28(5) 45(5)
0, (%) 91(5) 92(5)
Mytn (f1g) 3.41(8) 3.56(9)
mpy (L) 1.8 1.8

Note: The numbers in parentheses indicate the standard deviations of the
least significant digits of the respective parameter values. To overcome a
texturing issue of the magnetic diffraction domains (see section 3.1), the Pr
moments were not refined at 7= 5 K, but fixed at the full high-spin value
suggested by calculations and SQUID magnetometry (section 3.2).

a distribution of nanoscale and mesoscale domains (diameter
d < 500nm) [44]. This matter will be discussed in more depth
in sections 3.2 and 4.

The PCMO x = 0.1 structural model obtained from the
A=245 A T = 160 K PM state diffractogram is summarized
in table 1. This model was used as a basis for all magnetic
Rietveld models, only the cell parameters a, b and ¢ were
refined separately for each dataset using Le Bail fits. Due to
the low neutron wavelength and the resulting limited peak-to-
peak resolution, the structural data of previous reports could
not be improved upon [1, 22].

3.1. Zero-field magnetostructure

The experimentally obtained average low-temperature mag-
netostructure of PCMO x = 0.1 is summarized in table 2 and
visualized in figure 3. The overall results are in good agree-
ment with previous studies. A very wide PM-FM transition
takes place in the temperature interval from 7= 130 K to
T = 80 K [22, 23], below which a transition to an A-type AFM
ground state takes place at 7~ 70 K [1, 23, 24]. A very small
G-AFM component along [0 0 1], probably due to a weak
intrinsic Dzyaloshinskii—-Moriya interaction [2], is indicated
by the presence of the peak group (100)(010) at T=5 K,
but omitted in the construction of figure 3 and table 2. The
total ordered Mn magnetic moment at 5 K in the absence of
an external magnetic field was determined to be 3.41 + 0.08
g Mn~! (Bohr magnetons per Mn ion). It is consistent with
to the value of 3.35 uy Mn~!, which was reported by Jirdk
etal [1]. The calculated value of 3.61 yi; Mn ™~ is slightly higher.

The magnetocrystalline FM easy axis is [0 1 0] at and above
T =55 K and turns towards [1 1 O] at lower temperatures as
reported [1]. However, our ND data indicate that the average

angle of the Mn moments does not fall below 60° 4= 10° from
the a axiseven at T = 5 K. As reported before [1], the Pr man-
getic moments were found to be partially ordered already at
55 K and determined to be oriented along the FM component
of the Mn moments. Technically, the Pr moments were fixed
parallel to this direction in the final Rietveld refinement.

In contrast, the magnitude of the Pr moment was seen to con-
siderably exceed the previously proposed value of ca. 0.50 pp
per ion, being closer to 1 pp per ion at 55 K and 2 pp per
ion at 5 K (this point will be elaborated on in section 3.2),
but could not be quantified accurately by ND data alone due
to a texturing phenomenon of the magnetic diffraction inten-
sity. To technically overcome this issue, all of the preferred
orientation was attributed to an additional magnetic Pr phase
in the Rietveld model, sacrificing the accuracy of the Pr FM
moment, but retaining a realistic [1] best estimate of the Mn
FM moment (2.95 & 0.09 3 Mn~! at T = 5 K) along with the
total moment (table 2). The texturing effect, observed as an
excess of magnetic intensity in the (1 1 2)(2 0 0) peak group
compared with all other magnetic peaks, was attributed to the
coercivity of PCMO [22] which allows coherent magnetiza-
tion to preferably occur in crystallites which have their easy
axis along the external magnetic field. The occurrence of this
effect even in supposed zero-field conditions is a sign of the
instrument magnet being incompletely degaussed; indeed no
specific steps were taken to degauss the magnet. The mechan-
ical reorientation of crystallites due to the applied magnetic
field could be ruled out as stated in section 2.

As our ab initio results confirm, in the A-AFM state of
PCMO x = 0.1 the Mn spins form FM (0 0 1) planes, which
are AFM coupled, but can be pictured to counterrorate around
the lattice vector ¢ to give a net FM moment. The calculations
give large values of Heisenberg exchange parameters in plane,
Jvin v, = 8.4 meV, confirming the ferromagnetic coupling
(see figure 4). A negative value of the Heisenberg exchange
parameter (Jyvinivn3 ~ — 1.1 meV) is observed for the coupling
between manganese atoms along the cell diagonal. Due to the
crystal symmetry, this coupling occurs 8 times and causes the
antiferromagnetic structure. However, the system is very sen-
sitive regarding structural perturbations or impurities, which
might explain the proposed presence of purely ferromagnetic
domains within PCMO x = 0.1 [7]. It must be kept in mind
when looking at figure 3 that the ND-derived model only
reflects the average magnetostructure, which might in reality
be a combination of relatively undistorted FM and A-AFM
clusters [3, 7].

The calculated density of states (DOS) for Prg9Cag MnO3
is illustrated in figure 5. By doping PrMnO; with calcium
the Fermi energy is shifted towards the valence band and the
model system becomes metallic, which does not agree with
experimental data indicating semiconductivity [45]. A metallic
behaviour of the material also leads to positive Heisenberg
exchange parameters J; and therefore to a ferromagnetic
structure (dashed line). However, very small concentrations of
impurities or oxygen vacancies are likely [46]. By using CPA
and introducing 2% of oxygen vacancies the Fermi energy
is shifted back towards the conduction band and a realistic
semiconducting behaviour can be reproduced, along with the
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Figure 3. Real space illustrations of the average magnetic structures experimentally found in PCMO x = 0.1 by ND. For clarity, oxygen
atoms are omitted and only a half of the magnetic unit cell is shown along z. The indicated coordinate axes correspond to those of the Pbnm
unit cell. The arrows on the edges of the drawn cells represent Mn magnetic moments (colour online: purple), the ones in the middle stand
for the Pr moment (colour online: yellow). The scaling of the arrows reflects the relative magnitudes of the magnetic moments (table 2), but
Mn moment mangitudes are not directly visually comparable to Pr due to the use of a different scaling factor for each element.

Figure 4. The calculated Heisenberg exchange parameters J; among Mn and Pr ions within the unit cell of PCMO x = 0.1. The small

unlabeled spheres represent oxygen.

experimentally verified A-AFM structure. Although such a
vacancy concentration is probably unrealistically high [46],
the results highlight the importance of considering structural
defects when modeling manganites.

3.2. Response to magnetic field

As reflected by figure 3 and table 2, the ND data collected in
the external magnetic field of yoH = 2.7 T can be explained
within the same canted A-AFM model framework, which
was applied at pyH = 0.0 T. In particular, this average
structure model gives a straightforward interpretation of
the observation that applying the magnetic field effectively

shifted some ND intensity from the predominantly AFM-
related peaks, like (0 O 1), to the FM ones, like (0 2 0).
Figure 6 gives a quantitative account of this phenomenon in
terms of relative peak intensity changes, (Iz — Ip)/Iy, caused
by the external magnetic field. The FM (0 O 1) spin sublat-
tices simply rotate around c¢ towards the prevailing magne-
tocrystalline easy axis ([0 1 0] at 7 = 55 K, closer to [1 1 0]
at T =5 K) in response to the applied field, thus enhancing
the FM component while suppressing the AFM component
at low temperatures. The process was found to be reversible
within the resolution of the experiments; the original zero-
field magnetostructure was recovered as soon as the field
was switched off.
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Figure 5. The calculated electronic density of states (DOS) of
PCMO x = 0.1 with 2% (hypothetical) oxygen vacancies. The
Fermi energy at OeV is effectively surrounded by a band gap. The
contributions from the magnetic Pr 4f-states and Mn 3d-states are
highlighted, and a calculated total DOS in the absence of oxygen
vacancies (dashed line) is also given for comparison.
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Figure 6. Observed relative changes in the intensities of the major
magnetic neutron diffraction peaks of PCMO upon the application
of the external magnetic field, uoH = 2.7 T. FM-dominated peaks
have a positive ratio of (Iy — Ip)/Ip. This ratio is negative for AFM-
dominated peaks. The plot is based on single peak Levenberg—
Marquardt least squares fits [47] to the A = 2.45 A data. The error
bars span the sum of the standard deviations of the two fits used to
construct each point.

The total magnetic moments of Mn and Pr remained con-
stant within error limits when the field was applied, although
subtle increases in the Mn and Pr moments appear to be indi-
cated by the best-fit values. This would be a natural conse-
quence of reducing the amount of domain walls where the
magnetization is incoherent. The actual magnetization is
known [22] to vary more versus the applied field than the
sums of the moments in table 2, this is due to the reorientation
of existing magnetic domains. Magnetostrictive cell volume
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Figure 7. The temperature dependence of the molar magnetization
of PCMO, in Bohr magnetons (yg) per the formula unit

Pry9Cap ;MnO; (FU), based on SQUID magnetometry. The two
solid lines correspond to magnetic moments measured at the
different magnetizing fields, uoH, indicated in the legend. The
black dashes point out the approximate total FM moment expected
in our ND measurements at 7= 55 K. The line widths exceed

the random instrument errors, but systematical scaling errors of
5% may be present in the moments due to the imperfectly known
demagnetizing field. The inset shows the derivatives of the two
curves, there the random noise can be estimated visually.

increases of 0.14% and 0.11% were observed at 55 K and 5 K,
respectively, when the field was engaged. The magnetostric-
tion was somewhat anisotropic, being strongest along [0 0 1]
(table 2).

Compared with a previous report of the Pr magnetic
moment, estimated at 0.50 & 0.03 yg per Pr* T ionat T = 4.2 K
[1], our ND results show a much larger contribution from Pr.
To clarify the matter, we measured the temperature dependence
of the magnetization of PCMO x = 0.1 using a SQUID mag-
netometer (figure 7). It is beyond doubt that the total magnetic
moment exceeds the reported [1] value of 3.35 + 0.45 = 3.80 11
per formula unit, and since the absolute maximum contri-
bution from high-spin Mn3* is 3.8 up per formula unit, we
propose to assume the full high-spin value of 2 py per Pr
ion to explain the ND data and the SQUID-determined low-
temperature moment of 5.4 £0.3 pug per formula unit. Our
ab initio studies support this claim, with calculated Mn moments
of 3.61 ug and, indeed, Pr moments of 2.00 pp per ion.

Unfortunately the temperature dependence of the ordered
Pr magnetic moment could not be addressed rigorously by
experimental means. It was problematic to isolate the con-
tribution of Pr to the magnetic ND intensity, in addition to
which the ND measurements were only performed at very few
different temperatures in order to afford better counting statis-
tics for each diffractogram. Since the SQUID data (figure 7)
also showed no clear signs of a separate Pr transition, we
proceeded to investigate the matter computationally. The cal-
culated Heisenberg exchange parameters showed that there is
no exchange coupling between Pr atoms but a ferromagnetic
coupling (about 1 meV) between Mn and Pr. This suggests
that there is no ordering of Pr moments before the ordering of
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Table 3. The effect of the external magnetic field on the full-width-
at-half-maximum, W, and the Gaussianity, 7, of the AFM ND peak
(00 1) and the FM ND peaks (1 1 0) and (0 0 2) (A~ 4.20 A data)
at different temperatures.

(hkD) — Wy (°) Wi (°) o M
T=160K (001) — — — —
(110) 0.761(5) — 027(7) —
002) 0.7209) — 030(7) —
T—=55K (001) 05645 0541(8) 0.18(3) 0.13(5)
(110) 0.8033) 0.755(2) 0.35(7) 0.21(8)
002) 0.784(5) 0.723(4) 0.34(7) 0.21(8)
T—5K (001) 0.590(3) 0.54109) 0242) 0.1505)
(110) 0.8313) 0.756(2) 0.25(8) 0.21(6)
002) 0.807(5) 0.724(4) 0.33(8) 0.19(6)

Note: The (0 0 1) superstructure peak is absent in the PM state at 160 K.
The lower indices 0 and H respectively indicate the absence and presence of
the 2.7 T external magnetic field. The numbers in parentheses indicate the
standard deviations of the least significant digits of the respective parameter
values.
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Figure 8. The effect of the applied magnetic field on the shapes of
the ND peaks (1 1 0) and (0 O 2). The experimental ND datasets at
T =55 K, A = 4.20 A are shown along with the respective pseudo-
Voigt sum profiles obtained by Levenberg—Marquardt [47] fits. The
semilogarithmic scale strongly emphasizes low-intensity features.

Mn moments occurs. By performing Monte Carlo simulations
with an applied magnetic field, we found that the Pr moments
order simultaneously with the Mn moments, which indeed
explains the shape of the transition seen in figure 7.

The shapes of the first three magnetic ND peaks at low 26
(figure 1), where the magnetic intensity resolution is at its best,
were analyzed in detail by fitting individual pseudo-Voigt pro-
files to the A = 4.20 A data using the Levenberg—Marquardt
least-squares algorithm [47] as provided by FullPROF [25].
Table 3 lists the extracted full-width-at-half-maximum param-
eters, W;, and Gaussianities, 7); (; = 0 for completely Gaussian
and 7, = 1 for completely Lorentzian profile functions).
There was a surprisingly strong reduction in W; and a trend
towards Gaussianity when the magnetic field was applied.
Figure 8 shows an example fit over the reflections (1 1 0)
and (0 0 2) at T= 55 K. In addition to increasing the overall
FM ND intensity, the applied field significantly decreased the

background level around the peak group. This was reflected
by the decrease of the Lorentzian component in the obtained
pseudo-Voigt profiles. The origin of the Lorentzian back-
ground will be modeled and discussed in section 4 in terms of
nanoscale magnetic domains.

Comparing the PM-state data at 7= 160 K against those
recorded at 55 K and 5 K, below the Néel temperature, it is
clear that there was excess diffraction line broadening due to
the magnetic diffraction domains. With a rough knowledge
of the instrumental linewidth of the DMC, we could employ
Scherrer’s equation [44] d = kM\/Bcos @ to make order-of-
magnitude estimates of diffraction domain sizes. Here d is
the average crystallite diameter, k =~ 1 a shape constant, A the
wavelength of the incident (neutron) radiation, § = A(20) the
FWHM of the diffraction peak (in radians) minus the instru-
mental linewidth, and 6 the Bragg diffraction angle. Based
on the assumption of round diffraction domains (k = 0.9
[44]) and the peak width values W; extracted from table 3,
the average diffraction domain size grew from d ~ 300 nm to
d ~ 1000 nm when the field was applied at 7 =5 K.

4. Discussion

In short, the goal of our present study was to elucidate whether
it is physically more sensible to model the ground state of
PCMO x = 0.1 as a canted A-type antiferromagnet [1, 24] or
as a dynamic mixture of pure FM and A-AFM phases [7, 23].
We presented a rather accurate reproduction of the previously
published canted A-AFM model and successfully extended it
to also explain the response of PCMO to an external mag-
netic field. Considering the elegance and descriptive power
of this simple model, one should be rather conservative when
considering alternative explanations for the experimental
observations.

To distinguish a canted AFM structure from a FM-AFM
phase separation by means of a Rietveld analysis is problem-
atic since various interpretations of the data are conceivable.
E.g. the spin structures in table 2 and figure 3 could indicate a
superposition of pure A-AFM and FM phases, with approxi-
mately 60% of Mn ions ordered in a FM pattern at 7 = 5 K and
no applied magnetic field. In fact, this kind of superposition is
roughly how the numerical Rietveld model was constructed.

The observed positive volumetric magnetostriction values
(0.14% at 55 K and 0.11% at 5 K) are considerably high.
Nonetheless, such values have also been reported in the past
for materials where 3d and 4f transition metals are mixed [48].
The magnetic anisotropy energy function becomes rather
complicated when 4f orbitals are involved, so the source of
this magnetostriction is not easily modeled. Superficially
similar magnetostriction phenomena have been associated with
changes in the phase FM-AFM equilibrium in PCMO [49]
and related manganites [50] at alkaline earth dopant concen-
trations near x = 0.5 (the specific volume of the FM phase is
larger due to disorder). However, at these concentrations, the
presence of FM-AFM phase separation has been established
by other means [6, 8, 10], and extending the cluster phase
separation description down to x = 0.1 for PCMO on the basis
of magnetostriction is not a valid implication.
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The strongest argument for the presence of a cluster
phase separation situation in PCMO x = 0.1 is provided by
the magnetic broadening observed in the high-resolution
A =420 A neutron diffractograms. Whereas the estimated
magnetic diffraction domain growth from 300nm to 1000nm
upon the application of the external magnetic field can be a
natural consequence of the merging of domains, the promi-
nent Lorentzian tails (figure 8) were unexpected. Like most
neutron powder diffractometers, the DMC is known to have a
practically Gaussian instrumental resolution function. Led by
this clue, we performed additional Levenberg—Marquardt fits
to individual ND peaks using a superposition of two Gaussian
profiles per peak: one with a width close to those in table 3,
W;~0.8° and another with a large W; between 2° and 4°.
Rather surprisingly, also these fits could explain the data to
a precision of x2< 1.7. The analysis, using Scherrer’s equa-
tion [44] as described at the end of section 3.2 individually for
each fitted Gaussian profile, resulted in the following crude
but statistically sufficient model: at pyH = 0.0 T, 124+2%
of the magnetic domains had a diameter of 20 + 10 nm and
the rest were of order 500nm. At uoH = 2.7 T, on the other
hand, all nanoscale domains had vanished and only domains
of order 1000nm remained. This was the conclusion both at
T=55Kand T=5K.

The actual distribution of magnetic domain sizes must natu-
rally be broader than in our simplified two-component model,
but it is clear that nanoscale domains are present in PCMO
x = 0.1 near its ground state. It is noteworthy that we were
not able to experimentally prepare the sample in a purely FM
or AFM state, but only in a metastable mixture of both. In the
context of manganites, the most probable explanation for the
presence of such small domains is the the double-exchange-
driven phase separation into FM and AFM clusters [3]. Our ab
initio calculations also implicitly suggest a compatible insta-
bility of the A-AFM phase towards ferromagnetism, which
could arguably be brought into manifestation by amplifying
the double-exchange interaction using external stimuli [2-8,
10]. This provides an important piece of support for the model
proposed to explain the photoinduced ferromagnetism in the
material [7, 23]. That the phase separation description can be
reasonably extended outside the ‘optimal doping range’ from
x=0.3tox=0.5][3, 6,8, 10] is an interesting and relatively
novel observation as such, especially since no charge ordering
(CO) is found to take place in PCMO x = 0.1 contrary to the
other mentioned Ca concentrations.

The absence of long-range CO prevents PCMO x = 0.1
from undergoing a sudden metamagnetic AFM—FM insu-
lator-to-metal transition like the one observed at 0.3 <x<0.5
[3, 10, 22, 49]. Indeed, the magnetic hysteresis loop of PCMO
x = 0.1 is very regular at all temperatures below Tc ~ 100 K,
with a soft ferromagnetic sigmoidal shape, modified only by
a small linear component [22]. The linear component might
be explained by the canting of magnetic Mn sublattices, but
based on our present results, it is likely to originate at least
partially from subtle shifts in the AFM—FM phase equilib-
rium. A comparison of the AC magnetic susceptibility data
of PCMO at 0.0<x<0.5 reveals that the relaxation time

constant of the AFM—FM equilibrium system, assuming one
is present, would actually be the lowest at x = 0.1, as seen by
fits to the Vogel-Fulcher law [23, 51]. This is in agreement
with our finding that each magnetic phase in PCMO x = 0.1
quickly forms internally well-ordered clusters which are large
enough to diffract effectively, whereas the species of PCMO
at larger x favour more frustrated spin glass phases [3, 23, 51].
The relaxation time is a sensitive function of the electronic
carrier (hole) concentration in PCMO due to the dominance
of the DE mechanism [23, 51].

Apart from the phase separation issue, our present study
also revealed an ordered low-temperature Pr moment close
to the full high-spin value of 2 pp per ion, which, surpris-
ingly enough, is roughly 300% higher than earlier reports [1]
propose. The convergence of our ND, SQUID and ab initio
results leaves little doubt about the matter, however. The most
important implications of this result may be in the context of
the strong low-temperature magnetocaloric effect proposed in
PCMO x = 0.1 [52, 53]. The FM ordering of the Pr magnetic
moment is undoubtedly what stretches the relevant magnetic
transition across such a wide temperature range (from ca. 150 K
almost down to liquid He temperature), bringing up the refrig-
erant capacity estimate to its highest value within the PCMO
family [53].

5. Conclusions

The low-temperature magnetostructure of PCMO x = 0.1 was
revised using cold neutron powder diffraction (wavelengths
4.20 A and 2.45 10\), SQUID magnetometry and ab initio com-
putations. Previously published results [1, 24] of an A-AFM
average ground state were reproduced to a good precision both
experimentally and theoretically, and complemented by veri-
fying that the effects of an applied magnetic field of 2.7 T on
the magnetostructure could be approximately modeled within
the same framework. However, in contrast to this simple
and elegant model, explicit evidence of nanoscale magnetic
clusters was obtained in the low-temperature ground state of
PCMO x = 0.1 based on high resolution diffractograms. This
finding was interpreted as an argument in favor of the recently
proposed FM—AFM phase separation model used to explain
a photoinduced ferromagnetism phenomenon in the material
[7, 23]. We may conclude that the phase separation model is
more physical than the canted AFM model [1, 24] since the
explanatory power of the former matches and exceeds that of
the latter. This point was particularly illuminated in the con-
texts of magnetic Rietveld analysis, the relative stabilites of
ab initio solutions, magnetostriction and magnetic domain
size distributions.

Based on a convergence of ND, SQUID and ab initio
results, we also conclude that the low temperature magnetic
moment of Pr must be 300% larger than previously thought,
close to the high spin value of 2 uy per formula unit. This
explains and supports the strong magnetocaloric entropy
changes and high refrigerant capacities predicted in low-x
PCMO below T = 150 K [52, 53].
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