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Abstract

The structural and magnetic properties of silver-doped lanthanum manganite, La0.85Ag0.15MnO3+δ, δ = 0.10(2), have been studied
using magnetometry and high-resolution neutron powder diffraction. The structural space group is found to be predominantly R3̄c,
with a minor (5%) fraction of Pnma phase. This phase fraction does not change in the measured temperature range of 4 K to 300 K.
Our high-resolution diffraction data allow a detailed analysis of the spin orientation. Using representational analysis, we find the
ferromagnetic state below Tc = 246 K has spins oriented perpendicular to the rhombohedral c-axis and is purely ferromagnetic i.e.
no canting between sublattices is observed. Implications for the magnetocaloric effect are discussed.

Keywords: Magnetocaloric effect, Neutron powder diffraction, Manganite

1. Introduction

Perovskite manganites are widely studied due to the striking
magnetic phenomena they exhibit, such as the magnetocaloric
effect and colossal magnetoresistance. These effects afford
huge potential for possible applications in areas such as mag-
netic refrigeration [1] and magnetic sensors [2]. Both the mag-
netocaloric effect and colossal magnetoresistance are enhanced
in the vicinity of magnetic phase transitions, implying a need
for the study of the magnetic structures of candidate materials.

In addition to their budding functional abilities, perovskite
manganites also serve as playgrounds for studying strongly cor-
related electron systems, since their magnetic structures are af-
fected by competing lattice, electronic, spin, and orbital degrees
of freedom. The archetypal perovskite manganite is LaMnO3
(LMO), which has been extensively explored by theoretical
studies [3, 4, 5] and by experimental methods, including neu-
tron diffraction [6], to elucidate its structural and magnetic
properties. LMO possesses an orthorhombic crystal structure
(Pnma) below the Jahn-Teller (JT) transition of TJT ≈ 750 K
and goes through an A-type antiferromagnetic phase transition
at TN ≈ 140 K [6]. The MnO6 octahedra of LMO lie at the
heart of the structural and magnetic phenomena. Each Mn ion
accommodates four d electrons, with three residing in the t2g

orbitals and one in a degenerate eg orbital. The degeneracy
of the eg orbital can be lifted through a JT-distortion, which
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couples the magnetic, lattice, electronic, and orbital degrees of
freedom [7].

Doping the lanthanum site of LMO with divalent or mono-
valent ions induces two important changes. The first major
effect is the change in valency of some Mn ions from 3+ to
4+ (i.e. from four d electrons to three d electrons) as a re-
sult of hole doping. Oxygen ions are able to facilitate double
exchange between Mn ions by allowing e2g electrons to hop
between MnO6 octahedra [8, 9]. This then makes a magnetic
transition to a ferromagnetic state possible. The actual phase
diagrams of mixed valency manganites turn out to be rich, with
a number of different realized magnetic structures. For ex-
ample, the La1−xCaxMnO3 compound attains several different
magnetic states [10]. At low Ca doping levels its magnetic
ground state is a canted antiferromagnet. With increasing Ca
doping, this ground state transitions into a charge ordered insu-
lator, a ferromagnetic insulator, a ferromagnetic metallic state,
an antiferromagnetic insulator, and finally back into a canted
antiferromagnet.

A second doping-induced effect is the structural change
caused by altering the average ionic radius at the lanthanum
site, rA. This affects the tolerance factor, t = (rA +

rO)/[
√

2(rMn + rO)], quantifying the distortion of the perovskite
structure [11]. Here rO and rMn are the ionic radii of the O
and Mn ions. Depending on the size of the dopant ion, doped
LMO compounds are often found to crystallize in either the or-
thorhombic Pnma phase, like the parent compound, or in the
rhombohedral R3̄c phase [12]. A tolerance factor of t = 1
implies an ideal cubic perovskite structure, while lower val-
ues indicate some amount of internal strain and, consequently,
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buckling of the MnO6 octahedra [13]. If the ionic radius
of the dopant ion is similar to the La ionic radius, as is the
case with Ca, the crystal structure will tend towards the Pnma
phase [14, 15]. However, for larger dopant ions such as Ag,
Sr or Ba, the compound will, for high enough concentrations,
assume a R3̄c structure [15, 16, 12].

Coexistence of antiferromagnetic and ferromagnetic order-
ing may be expected given that phase separation and perco-
lation phenomena appear to be an intrinsic feature of man-
ganites [17]. In the non-lanthanum perovskite manganite
Pr0.7Ca0.3MnO3, a complex magnetic structure with several
propagation vectors and coexisting antiferromagnetic and fer-
romagnetic phases is observed [12]. Non-trivial propagation
vectors have also been observed in the double perovskite mul-
tiferroics TbMn2O5 and DyMn2O5 [18]. The numerous avail-
able magnetic states are not only made possible by the double
exchange mechanism but also by the induced changes in the
Jahn-Teller distortions of the MnO6 octahedra due to ionic size
mismatches. Changes in the Jahn-Teller distortions affect the
Mn-O-Mn bond angles and consequently both the magnetic and
structural properties of the doped compound.

Among studied perovskite manganites, compounds doped
with monovalent ions, such as Ag1+, have been reported as hav-
ing promising potential applications [19, 20, 21, 22]. Previous
studies of Ag-doped LaMnO3 mostly report a single-phase R3̄c
room temperature structure [20, 21], though there is a report of
coexisting R3̄c and Pnma phases [23]. Differences among re-
ported studies most likely come down to different sample prepa-
ration techniques, since the exact oxygen content affects the
crystallographic properties of manganites [20]. For instance,
at room temperature stoichiometric LMO is found to exhibit a
Pnma space group, while an excess of oxygen can distort the
structure into a R3̄c space group [24]. This structural change
occurs due to excess oxygen promoting the oxidation of Mn3+

to Mn4+ [25]. At room temperature the transition to a rhom-
bohedral space group has been observed to occur at Mn4+ con-
centrations exceeding 21%, corresponding to a stoichiometry
of LaMnO3+0.105 [25]. The excess oxygen atoms in the nomi-
nal LMO formulas are not an indication of interstitial oxygen
atoms in the perovskite lattice; rather they have been shown to
indicate vacancies on the La and Mn sites [24, 26, 27].

Here we present a magnetometry and neutron powder diffrac-
tion study of La0.85Ag0.15MnO3+δ with the aim of investigat-
ing the structural and magnetic phases. In section 2 we de-
scribe the experimental methods and results of our magnetiza-
tion measurements. We identify a ferromagnetic transition at
Tc = 246 K. The analysis of the neutron diffraction data is pre-
sented in section 3. In section 3.1 the structural parameters are
resolved via Rietveld refinement by first focusing on the para-
magnetic 300 K neutron data, revealing a dominant rhombohe-
dral structure. This structure is seen to persist down to 4 K.
The magnetic structure is subsequently resolved in section 3.2,
where we determine a transition to a basal plane ferromagnetic
structure at Tc.
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Figure 1: Magnetization measurements on our La0.85Ag0.15MnO3+δ, δ =

0.10(2), (LAM) powder sample obtained on cooling in an applied magnetic
field of 5 mT (blue squares) and subsequently heating the sample back up to
300 K (red circles). The top panel shows the magnetization as a function of
temperature. The bottom panel shows the temperature dependence of dM/dT ;
the inset shows a zoom in of the curve in the low-temperature range.

2. Experimental details

A polycrystalline compound of La0.85Ag0.15MnO3+δ (LAM)
was prepared by a sol-gel method using high-purity powders
of La2O3, Mn(NO3)2 · 4 H2O and AgNO3 as starting materi-
als [21, 28], which were mixed and heated at 300◦C using a
magnetic stirrer. Once precipitation occurred, the solution was
heated for 1 hour at 500◦C and calcined for 5 hours at 550◦C.
The compound was then ground using an agate mortar to ob-
tain a fine powder form, then pressed into a disc and sintered at
970◦C for 24 hours in air. Further details of the sample prepa-
ration can be found in Ref. 28.

Magnetization curves were obtained with a Quantum Design
Magnetic Properties Measurement System by applying an ex-
ternal field of 5 mT, field cooling and subsequently warming
the sample. The results are shown in Fig. 1, where a transition
from a paramagnetic to an ordered state is observed at a temper-
ature of Tc = 246 K. We find a magnetic moment of 3.28(4) µB

from a Curie-Weiss fit above the first magnetic transition. Ad-
ditionally, a second transition is detected at Ti = 44 K, where
a small kink is observed in each magnetization curve. Simi-
lar kinks have been observed in Ag- and Pr-doped LMO com-
pounds, which were interpreted as signs of a transition to an an-
tiferromagnetic phase [21]. Here we find Ti is associated with
a Mn3O4 impurity phase.

Neutron powder diffraction (NPD) patterns were obtained
with the High Resolution Powder Diffractometer (HRPD) at the
ISIS spallation neutron source, UK [29]. The neutron data is
publicly available [30]. HRPD is a time-of-flight instrument
situated on a very long primary flight path (95 m, of which
91.7 m is along a supermirror guide) with fixed detector banks
in backscattering (bank 1: 154◦ < 2θ < 176◦), orthogonal to
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the incident beam (bank 2: 80◦ < 2θ < 100◦) and in forward
scattering (bank 3: 32◦ < 2θ < 28◦). As one would expect, res-
olution is highest in bank 1, ∆d/d ≈ 6 × 10−4. The instrument
uses beam choppers to define a fixed time-of-flight range for
measurements; in normal operation, this is 100 ms wide cover-
ing the range from 30 – 130 ms, equivalent to a d-spacing range
of 0.65 – 2.60 Å in bank 1.

Measurements were carried out with powder samples packed
into slab-geometry cans, which allow for accurate and pre-
cise temperature control using embedded heater cartridges and
RhFe resistance thermometry. These were filled under a he-
lium atmosphere. The front and back faces of the can consist
of vanadium-foil windows mounted in a steel frame. The steel
frame is sealed with indium wire to the Al-alloy body of the
can. All parts of the sample cans, apart from the vanadium win-
dows, were shielded from the incident beam using Gd and Cd
foils. Low temperatures were achieved using a He-flow cryostat
mounted in the HRPD sample tank.

Data were collected at 4.2 K for 1 hr, followed by warming
directly to 300 K and measurement of another 1 hr dataset. The
sample was then cooled back to 30 K and a series of shorter runs
(30 min) were made in 5 K increments between 30 and 70 K.
Raw data were time-focused, normalised to the incident spec-
trum and corrected for instrument efficiency using the Mantid
suite of powder diffraction algorithms [31]. Additionally, a cor-
rection was made for the specimen absorption using the known
chemical stoichiometry, the sample mass and the specimen ge-
ometry, also using Mantid.

Rietveld refinements were performed with the FullProf soft-
ware package [32]. In the present analysis, both R3̄c (no. 167)
and Pnma (no. 62) space groups have been included to establish
the fractional occurrence of these phases in the sample. This is
done due to the known tendency of La0.85Ag0.15MnO3 to crys-
tallize in either space group, or a mixture of both, depending
on the exact stoichiometry of the sample [20, 21, 23]. For the
R3̄c space group, the hexagonal setting with a general multi-
plicity of 36 has been used. In the refinement, the peak shapes
have been modeled with a convolution of a pseudo-Voigt func-
tion and two back-to-back exponentials. This peak shape has
also been used for intensity investigations of individual peaks.
The default FullProf nuclear and magnetic form factors have
been used for the neutron diffraction pattern calculations. A va-
lency of 70:30 has been used for the magnetic Mn3+/Mn4+ form
factors as expected for the 15% monovalent Ag doping. Spe-
cial attention is given to the oxygen content of the samples due
to the possible implications for the observed structural proper-
ties [24, 25]. Possible magnetic structures have been found by
performing representational analysis with the SARAh software
package [33].

3. Results and discussion

3.1. Structural properties

We proceed by describing the structural properties of our
La0.85Ag0.15MnO3+δ sample. From Rietveld refinements of our
300 K diffraction data (cf. left panels of Fig. 2), we found a

majority (95.25(52)%) rhombohedral R3̄c phase along with a
minority (4.75(25)%) orthorhombic Pnma phase. Detailed R3̄c
refinement parameters are listed in Table 1 along with the Pnma
unit cell parameters. The R3̄c parameters are in rough agree-
ment with those presented for rhombohedral La0.85Ag0.15MnO3
in Ref. 21. Fig. 3 depicts the R3̄c structure. The relative tilt-
ing of the MnO6 octahedra are obvious along the pseudocubic
fourfold direction, thus affirming the presence of JT-distortions
in the system.

In our analysis we did attempt to fit a monoclinic P1121/a
phase, which was reported to describe the structure of undoped
LMO after being heated in air at 1350◦ for two days [35]. Our
best possible fits with this phase to both the 300 K and 4 K pat-
terns gave barely monoclinic structures (i.e. γ − 90◦ < 0.01◦).
Based on this we conclude that such a low-symmetry structure
is not warranted for our sample and that the majority rhom-
bohedral phase is more than adequate. A room temperature
rhombohedral structure was reported for La1−xAgxMnO3 with
x = 0.15 [21] and also in a separate study for x in the range 0.1–
0.2 [20]. However, in Ref. 23 almost equal fractions of R3̄c and
Pnma phases were found.

Attempts to refine the Ag occupancy turned out to be
non-conclusive due to error bars being larger than the pos-
sible range of the Ag occupancy parameter. To evince suc-
cessful Ag doping, the Ag occupancy was manually reduced
to 0, which resulted in an increase of the global χ2 from
3.3 to 6.3. This indicates that some Ag ions did indeed
partially-occupy the La site. We refined the oxygen oc-
cupation numbers in the 300 K pattern, leading to the fit-
ted stoichiometry of La0.85Ag0.15MnO3.00+0.10(2). According to
studies of excess oxygen in LMO [24], this corresponds to
a crystallographic structure of (La0.85Ag0.15)δ/(3+δ)Mnδ/(3+δ)O3
= (La0.85Ag0.15)0.97(6)Mn0.97(6)O3. Indeed, refining the va-
cancies of the La and Mn sites, while keeping the occu-
pancy of the oxygen site constant, gave the composition
(La0.85Ag0.15)0.98(4)Mn0.96(5)O3, which thus agrees with the
nominal composition La0.85Ag0.15MnO3.00+0.10(2). From the re-
finement, the vacancy levels of the La and Mn sites are equal
within error bars. Hence it is sufficient to characterize the over-
all vacancy level of the two sites via a single parameter related
to the excess oxygen. This is unlike the two-parameter descrip-
tion employed in Ref. 27.

The extra oxygen atoms could, in conjunction with the as-
sumed 15% Ag doping, mean that the Mn3+:Mn4+ ratio is as
much as 50:50 in our sample. Unfortunately we find that we
are not able to refine the Mn3+:Mn4+ ratio e.g. by exploiting the
slight difference in q-dependence of their magnetic form fac-
tors in our 4 K data. This is because, in the refinement, the
Mn3+:Mn4+ ratio is coupled to the Biso values and to the neu-
tron absorption correction, due to their similar dependences on
q. Indeed the anomalously low Biso values for Mn listed in
Table 1 (where we have fixed the Mn3+:Mn4+ ratio to 70:30)
are likely due to data reduction artefacts such as the numerical
correction for the effects of neutron absorption across different
detector banks. Fixing the Mn3+:Mn4+ ratio to 50:50 instead
of 70:30 yields slightly higher χ2 values of 3.12/7.84/1.54 for
banks 1/2/3 for the 4 K data, with the refined Mn Biso value re-
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Figure 2: Rietveld refinements of the neutron powder diffraction (NPD) patterns from our La0.85Ag0.15MnO3+δ, δ = 0.10(2), (LAM) sample at 300 K and 4 K. From
top to bottom are shown patterns from detector bank 1, 2, and 3. The red points mark the experimental data, the black line is the refinement, and the blue line
displays the residuals. The vertical lines show the positions all the (h k l)-peaks of the space groups in the given range. High-intensity and important peaks have
been labeled with (h k l)-indices. The 300 K refinement is purely nuclear and has been carried out with the R3̄c (light green lines) and Pnma (magenta lines) space
groups, while the 4 K refinement comprises the same structural R3̄c and Pnma phases as well as the Γ5 basal plane ferromagnetic-R3̄c phase (dark green lines).
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Table 1: Structural and magnetic properties of La0.85Ag0.15MnO3.00+0.10(2)
(LAM) obtained from Rietveld refinements of 300 K and 4 K neutron powder
diffraction (NPD) patterns. A structural and a magnetic R3̄c phase and a struc-
tural Pnma phase are refined. Values for the overall refinement parameters are
listed in for banks 1/2/3 respectively. For the Pnma phase, we do not list the
refined atom positions and do not include a magnetic Pnma phase due to the
small phase fraction. Cell parameters, atom positions, magnetic moment, and
the O occupancy are listed for the R3̄c phase. The 6a, 6b, and 18e labels refer
to the Wyckoff positions of La/Ag, Mn and O.

Temperature
Global parameters 300 K 4 K
χ2 2.36/6.47/0.99 2.88/7.79/1.43
Rexp (%) 9.58/4.11/33.9 8.25/3.40/21.1
Rwp (%) 14.7/10.5/33.7 14.0/9.49/25.3
Rp (%) 21.4/15.8/121.0 18.9/14.2/69.5

R3̄c phase (%) 95.25(52) 95.02(47)
Pnma phase (%) 4.75(25) 4.98(22)

R3̄c parameters 300 K 4 K
a (Å) 5.5281(1) 5.5170(2)
c (Å) 13.3590(3) 13.3175(3)
Volume (Å3) 353.55(1) 351.03(1)
Mn-O-Mn (deg.) 163.89(1) 164.01(4)
Mn-O (Å) 1.9651(1) 1.960(6)
6a: La/Ag (x, y, z)

(
0, 0, 1

4

) (
0, 0, 1

4

)
6b: Mn (x, y, z)

(
0, 0, 1

2

) (
0, 0, 1

2

)
18e: O (x, y, z)

(
0.4500(2), 0, 1

4

) (
0.4508(3), 0, 1

4

)
La/Ag Biso (Å2) 0.38(3) 0.25(3)
Mn Biso (Å2) 0.10(5)† 0.01(5)†

O Biso (Å2) 1.01(2) 0.51(2)
Oocc 3.10(2) -
Mag. Moment (µB) - 3.37(5)
RM-factor (%) - 7.31/19.8/0.559
RB-factor (%) 3.87/5.09/2.74 3.52/5.85/0.559
Rf-factor (%) 5.16/5.92/1.38 3.67/2.11/0.279
Pnma parameters 300 K 4 K
a (Å) 5.507(2) 5.523(2)
b (Å) 7.836(3) 7.777(2)
c (Å) 5.494(2) 5.482(2)
Volume (Å3) 237.1(2) 235.5(1)

†The low Mn Biso values compared to those for the other ions
are believed to stem from artefacts in the Rietveld refinement,
in particular the correction for the effects of neutron absorption
across different detector banks. See text for more details.

Figure 3: (a) Structural model of the rhombohedral phase of
La0.85Ag0.15MnO3+δ (LAM) at room temperature, with O ions being
red, La/Ag ions being green and Mn ions being encapsulated in purple
octahedra. The unit cell boundaries are marked with a solid black line. (b) A
view of the same rhombohedral LAM structure along a pseudocubic fourfold
direction. From this perspective the relative tilting of the octahedra is clear.
Both figures have been produced with the VESTA visualization program [34].

maining anomalously low at 0.03(4) Å2. Conversely, fixing the
Mn Biso value at a more reasonable 0.27 Å2 and refining the
Mn valency yields a 50:50(20) ratio for Mn3+:Mn4+, also with
slightly higher χ2 values of 2.98/7.94/1.54 for banks 1/2/3.

The Mn valency has some bearing on the observed crystal
structure. For example, the Shannon radius of Mn4+ is 0.530 Å
and is smaller compared to the 0.645 Å radius of Mn3+ [36], so a
greater fraction of Mn4+ will increase the tolerance factor t. The
tolerance factors of the parent compound LMO, LAM with a
70:30 Mn3+/Mn4+ valency, and LAM with a 50:50 Mn3+:Mn4+

valency are calculated to be 0.88, 0.90, and 0.92, respectively.
Thus, the Ag doping will help stabilize the perovskite struc-
ture.

A quantitative way of substantiating the R3̄c and Pnma phase
fractions from the Rietveld refinement is to examine the relative
intensities and positions of two neighboring peaks and com-
pare them with the calculated phase intensities. This is given
in Fig. 4, focusing on the two high intensity peaks in bank 1.
As is evident from the 300 K data set, the two experimental
peaks are too far apart to be accurately described by purely the
Pnma phase with the cell parameters given in Table 1, confirm-
ing the high percentage of R3̄c found by the Rietveld refine-
ment. A similar structural analysis has been carried out at 4 K.
At this temperature, the magnetic contribution, based on the
basal plane ferromagnetic magnetic model presented in the next
section, is found to only make up ≈ 3% of the intensity in the
left peak at d = 2.22 Å and ≈ 1% of the intensity of the right
peak at d = 2.25 Å. Magnetic contributions are therefore ig-
nored in this rough quantification of the structural model. The
relative experimental intensity ratio of the left peak with re-
spect to the right peak is found to be 0.37(1) at 300 K, while
the corresponding ratio based on the R3̄c pattern calculation of
the (0 0 6) and (2 0 2) peaks is 0.39. At 4 K, the experimen-
tal relative intensity ratio is found to be 0.38(1) and the pattern
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calculation based on the purely structural R3̄c phase, with no
magnetic contributions, is found to be 0.37. Thus, the phase ra-
tio between the phases is expected to remain roughly constant
as a function of temperature. Fig. 5 shows the temperature-
dependence of the structural properties of LAM extracted from
Rietveld refinements at all temperatures. In agreement with our
intensity analysis, the phase fraction stays constant within error
bars. The unit cell parameter and Mn-O bond length all ther-
mally expand with increasing temperature, while the Mn-O-Mn
bond angle decreases.

Figure 4: A closer view of the two high-intensity peaks in bank 1. Experimen-
tal neutron powder diffraction data at 300 K and 4 K are shown with red circles,
while calculated structural phase profiles of a pure R3̄c phase and a pure Pnma
phase are depicted by shaded green and purple areas, respectively. Both exper-
imental and calculated intensities have been normalized such that the maximal
intensity of any data set in the depicted d-range is 1.

3.2. Magnetic properties

Our magnetic analysis hinges on the temperature-dependent
behaviour of diffraction peak intensities and representational
analysis to explore possible magnetic structures. Our LAM
sample exhibits two magnetic transitions in the magnetome-
try data; a ferromagnetic transition at Tc = 246 K and another
transition at Ti = 44 K. From the neutron data, the ferromag-
netic nature of the first transition is evident from the lack of
new diffraction peaks and an increase in the intensity of low-
angle peaks below Tc, while the second transition coincides
with the appearance of a new diffraction peak at d = 4.95 Å
in bank 3. We find that this extra peak and transition tempera-
ture are congruent with a Mn3O4 impurity phase. Mn3O4 has a
Curie temperature of 43 K and possesses a tetragonal structure
with space group I41/amd and room temperature cell parame-
ters of a = b = 5.763 Å and c = 9.546 Å [36]. The magnetic
unit cell is doubled to (a, 2a, c). The extra magnetic peak in
bank 3 matches the (0 2 1) magnetic Mn3O4 reflection, while
a structural peak at d = 2.46 Å in bank 1 fits with the (0 4 2)
Mn3O4 reflection. We calculate the ratio of the experimental
intensity of the (0 4 2) Mn3O4 peak to the adjacent (1 1 3)
R3̄c LAM peak as well as the experimental ratio of the (0 2 1)
Mn3O4 peak to the (0 1 2) R3̄c LAM. We compare these ratios
to theoretical ratios, calculated from the squared R3̄c structure
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Figure 5: Parameters extracted from Rietveld refinements of powder patterns
measured between 4 K and 300 K. (a) Phase fractions of R3̄c and Pnma. (b)
Cell parameters of the R3̄c phase. (c) The R3̄c Mn-O bond length and Mn-O-
Mn bond angle. In (b) and (c) the error bars lie within the symbol size.

factors as given by FullProf and from the magnetic intensities
of the Mn3O4 (0 4 2) group of reflections from Ref. 37. With
this approach, we estimate an impurity phase fraction of 1.1%.

The Mn ions of the R3̄c phase occupy the 6b high-symmetry
site, which limits the orientation of the spins. Possible ferro-
magnetic structures were established via representational anal-
ysis. Using the R3̄c space group, the k = (0, 0, 0) propagation
vector, and the special positions (0, 0, 0) and

(
0, 0, 1

2

)
as input

parameters, the decomposition of the magnetic structure was
found to be ΓR3̄c = 1Γ1 +0Γ2 +1Γ3 +0Γ4 +2Γ5 +0Γ6, where the
non-trivial irreducible representations are given in Table 2. This
decomposition is the same used to characterize the magnetic
structure of Ca3LiOsO6, which exhibits the same space group
symmetry but a different, double perovskite, unit cell [38]. Sim-
ilarly, it has been used to characterize the magnetic structure of
off-stoichiometric rhombohedral LMO [39]. According to the
decomposition, three different magnetic irreducible representa-
tions are allowed; Γ1 corresponds to an A-type antiferromag-
netic phase with spins aligned along the c-direction, Γ3 a ferro-
magnetic phase with spins aligned along the c-direction, and Γ5
a ferromagnetic phase with spins aligned perpendicular to the
c-axis. Because of the second order nature of the phase transi-
tion at Tc = 246 K of our magnetization data (c.f. Fig. 1), the
magnetic structure should be described by a single irreducible
representation.

To decide which of the three possible irreducible represen-
tations is compatible with the LAM magnetic structure, the in-
tensities of specific experimental magnetic peaks are compared
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Table 2: Basis vectors of the irreducible representations (IR) of a commensurate
magnetic order of R3̄c, found via representational analysis with a propagation
vector of k = (0, 0, 0) and Mn atoms at the (0,0,0) and (0,0,1/2) special posi-
tions.

IR Basis vector Atom position ma mb mc

Γ1 ψ1 (0,0,0) 0 0 1
(0,0,1/2) 0 0 -1

Γ3 ψ2 (0,0,0) 0 0 1
(0,0,1/2) 0 0 1

Γ5 ψ3 (0,0,0) 1 0 0
(0,0,1/2) 0 0 0

ψ4 (0,0,0) 0 0 0
(0,0,1/2) -1 -1 0

ψ5 (0,0,0) 0 0 0
(0,0,1/2) -1 1 0

ψ6 (0,0,0) -1 -1 0
(0,0,1/2) 0 0 0

with the calculated profiles. The two peaks positioned closely
together at d = 2.73 Å and d = 2.76 Å in bank 2 are essential to
the magnetic analysis, because the peaks show a clear temper-
ature dependence and appear in a detector bank that has both a
relatively high resolution and many concurrent structural peaks.
The fact that they are closely placed together means that their
relative intensity can be compared without needing to account
for the q-dependence of the magnetic form factor. The two
peaks are from left to right indexed as (1 0 4) and (1 1 0) in the
R3̄c phase. Since neutrons only scatter from spin components
that are perpendicular to the scattering vector q, these two re-
flections enable us to distinguish between different irreducible
representations. For example, the ferromagnetic Γ3 structure
will contribute more intensity to the (1 1 0) peak than to the
(1 0 4) peak, because the (1 1 0) peak is fully perpendicular to
the c-axis.

The rhombohedral (1 0 4) and (1 1 0) peaks in the experimen-
tal data at 4 K are of roughly equal intensity, having a relative
ratio of I(d = 2.73 Å)/I(d = 2.76 Å) = 0.9(1), as based on two
Gaussian fits to the peaks. The experimental data, along with
calculated patterns with purely structural and purely magnetic
contributions, are shown in Fig. 6. The same fixed scale factor
is used for all the peaks and have been determined from a full
refinement to all of the peaks in bank 2. It is evident that the
Γ3 structure contributes more intensity to (1 1 0), the antifer-
romagnetic Γ1 structure contributes no intensity to either peak,
and the Γ5 structure contributes more intensity to the (1 0 4)
peak. Since the structural R3̄c phase contributes more intensity
to the (1 1 0) peak, the Γ5 structure is the most likely magnetic
phase candidate. This is confirmed by the calculated pattern
ratios from the different irreducible representations. The phase
contribution from the purely structural R3̄c phase strongly fa-
vors the right peak, as evidenced from a calculated pattern ratio
of I(d = 2.73 Å)/I(d = 2.76 Å) = 0.06. The same is true of the
purely structural Pnma phase, where the same ratio was calcu-
lated to be 0.08. A purely R3̄c-ferromagnetic Γ3 phase gives a
ratio of 0.31, while a purely R3̄c-ferromagnetic Γ5 phase gives a
ratio of 1.59. For a mixed structural phase with 95.02% R3̄c and
4.98% Pnma combined with a R3̄c-ferromagnetic Γ3 phase, one

Figure 6: Characterization of the strong rhombohedral (1 0 4) and (1 1 0) peaks
in bank 2 of the La0.85Ag0.15MnO3+δ, δ = 0.10(2), (LAM) neutron powder
data. The red points are the experimental data, and the green areas are the
calculated profiles based on the (a) non-magnetic structural R3̄c contribution,
(b) Γ3 ferromagnetic phase, (c) Γ1 A-type antiferromagnetic phase, and (d) a
Γ5 basal plane ferromagnetic phase. The magnetic pattern calculations were
performed with a magnetic moment at the Mn site of 3.3 µB.

obtains a ratio of 0.24. A similar calculation with the Γ3 phase
replaced by a Γ5 phase results in a ratio of 0.97. Thus, the use of
the Γ5 irreducible representations results in the best agreement
between the pattern calculation and the experimental data.

In the Γ5 irreducible representation, spins can be oriented
along any direction in the ab-plane. Because the two axes are
equivalent in the R3̄c phase, the spins have been arbitrarily cho-
sen to lie along the b axis. Attempts to rotate the spins in
other directions did not change the χ2. An additional attempt
to change the angle between spins located at different special
positions has also been made. However, any angle above 0◦

results in intensity contributions to the rhombohedral (0 1 1)
peak at d = 4.50 Å in bank 3, which has no measurable inten-
sity in our experimental data. This therefore indicates a fully
ferromagnetic structure oriented in the ab-plane, which differs
from the magnetic structure of rhombohedral LaMnO3+0.15 de-
termined by Alonso et al. in Ref. 39. In this study, a basal
plane ferromagnetic Γ5 magnetic structure was also found to
be most compatible with the neutron diffraction pattern ob-
tained below the Curie temperature. However, they found that
the spins at the special positions (0, 0, 0) and (0, 0, 1/2) were
canted with an angle of 27(8)◦ with respect to one another. The
difference between this canted ferromagnetic structure and our
fully ferromagnetic structure could be caused by the Ag doping
of our sample, which helps stabilize the perovskite structure
and thus results in straighter Mn-O-Mn bond angles. We find
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a bond angle of 164.01(4)◦ for our La0.85Ag0.15MnO3.00+0.10(2)
sample, while Alonso et al. determined an angle of 163.48(1)◦

for their LaMnO3+0.15 sample [39]. They also investigated a
LaMnO3+0.26 sample with a bond angle of 165.26(1)◦, which
unfortunately gave too weak a magnetic signal to make a re-
finement of the canting angle possible.

An important difference between our LAM sample and
the oxygenated LMO samples of Ref. 27 is the amount of
holes compared to the amount of vacancies. In Ref. 27, the
Mn3+/Mn4+ ratio is varied via the oxygen content. Extra oxy-
gen atoms can help facilitate ferromagnetic behaviour because
they introduce more holes and straighten out the Mn-O-Mn
bond angles as favoured by double exchange. However, a high
oxygen content directly correlates with a high amount of va-
cancies on the Mn site, which will eventually impede collective
ferromagnetic exchange. In our sample, holes are introduced
via extra oxygen atoms and Ag doping, the latter of which does
not induce vacancies. It is therefore expected that our sample
expresses stronger ferromagnetic behaviour, which may explain
why we observe a full ferromagnetic structure with no canting.

A full magnetic Rietveld refinement of the 4 K LAM pattern
is shown in the right column of Fig. 2. The refinement has been
performed with a nuclear R3̄c phase, a nuclear Pnma phase,
and the determined ferromagnetic R3̄c phase with spins in the
basal plane. The results of the magnetic LAM refinement are
also listed in Table 1. The refinement results in a magnetic mo-
ment of 3.37(5) µB, which agrees rather well with the 3.28(4) µB

determined from our magnetization data. A phase fraction of
95.02(47)% R3̄c and 4.98(22)% Pnma has been identified, con-
firming that the phase fraction is independent of temperature
within error bars (c.f. Fig. 5).

4. Conclusions

Neutron powder diffraction has been employed to study the
La0.85Ag0.15MnO3+δ, δ = 0.10(2), (LAM) manganite perovskite
in order to establish its magnetic and structural properties. At
room temperature we identify a dominant rhombohedral struc-
ture with a space group of R3̄c. Below the Curie temperature
of Tc = 246 K, we observe the same structural R3̄c phase and
a ferromagnetic structure with spins oriented perpendicular to
the long c-axis.

Our neutron scattering data shows no indication of canting
behaviour, which has otherwise been observed in other rhombo-
hedral lanthanum manganites with an excess amount of oxygen.
We believe that the lack of canting is a result of the Ag doping,
which introduces holes to the compound without also introduc-
ing vacancies. The lack of any canting results in a larger sam-
ple magnetization, M, and therefore a larger change in M with
T close to Tc, and hence a larger entropy change and magne-
tocaloric effect. Our study underscores the general applicabil-
ity of monovalent ions as dopants that can be used to tune the
magnetic structure of magnetocaloric manganites.

Acknowledgements

We gratefully acknowledge the Science and Technology Fa-
cilities Council (STFC) for access to neutron beamtime allo-
cation at the ISIS pulsed Neutron and Muon Source. This
work was partially supported by the Çukurova University un-
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