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Rare-earth chromates have always been of interest due to temperature-induced magnetization reversal and
spin-reorientation phase transitions (SRPTs). In orthochromates containing magnetic rare earths, the spin
configuration is supposed to undergo a characteristic changeover across the SRPT followed by an independent
ordering of rare-earth moments leading to polar order. However, due to the presence of nearly 14% of highly
neutron-absorbing isotope **Sm in natural Sm based compounds, correct magnetic structure determination of
SmCrO; through neutron diffraction measurements has been a challenge. In the present study we investigate
the pre- and post-SRPT spin configurations in well characterized SmCrO; through time of flight neutron
diffraction measurements carried out in zero field at the high-resolution high-flux WISH beam line of ISIS,
in the United Kingdom. Magnetization measurement shows a canted antiferromagnetic phase transition at
Tvi = 192K, giving rise to a weak ferromagnetism, which undergoes a SRPT at 37 K. Rietveld analysis
of the neutron powder diffraction data shows that below Ty, = 192K the Cr’* and Sm*" moments order
in a Pb’n’m:D(G,,Ay,FZ;FZR) spin configuration with their tiny ferromagnetic components F; and FZR,
giving rise to weak ferromagnetism. Below 37 K the Pb'n'm:T'4(Gy, Ay, FZ;FZR) configuration transforms to
Pbn'm' : Ty (F, Cy, Gg; FXR, Cf ) as a result of continuous rotation of Cr** moments, while approaching SRPT
below Ty;. At still lower temperatures the Pbn'm’ : T'»(F;, C,, Gyz; FR, Cf) phase transforms to polar phases,
either the P2,2/2, : T'y(C;, G,, F.;CX, Af, FEF) or the Pn'a2} : Ty (F;, Cy, G FE, CyR, G®) phase, as a result
of independent antiferromagnetic ordering of Sm** moments at Ty, < 4K through Sm*"-Sm** direct inter-
action. Our result of the transformation of SmCrO; from I'y to I'; below SRPT is in contradiction with the
(A, Gy, Cy; CZR) spin configuration as reported in Tripathi ef al. [Phys. Rev. B 96, 174421 (2017)]. This issue
has been independently settled through ground-state energy calculation using spin-dependent density functional
theory confirming the I'; spin configuration to be of lower energy as compared to that of the I';. The role of

magnetocrystalline anisotropy in the occurrence of SRPT has been discussed.

DOLI: 10.1103/PhysRevB.103.144418

I. INTRODUCTION

Rare-earth and transition-metal based distorted perovskite
magnetic oxides, typified by Pbnm structure, have been of
continued interest for many decades. Related studies have
immensely enriched the basic and applied solid-state physics.
The rare-earth (Re) orthomanganites (ReMnQO3) inherit anti-
symmetric superexchange, giving rise to magnetism-induced
ferroelectricity [1,2]. The orthoferrites (ReFeOs) [3,4] and
orthochromites (ReCrO3) [5-7] together with multiferroic-
ity, possess the intriguing property of magnetization reversal
resulting in negative magnetization, and spin-reorientation
phase transition (SRPT) [8—18]. The magnetic properties aris-
ing out of unusual phase transitions in ReCrOj; lead to their
possible novel applications in fast magnetic switching devices
[19-21] and magnetic refrigeration [22].
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The orthochromate SmCrO; has recently emerged as a
possible magnetoelectric multiferroic [23,24]. The anisotropic
magnetic susceptibility and magnetic structure of SmCrO3
have been intensively studied by Gorodetsky ef al. [25] and
it has been proposed that below SRPT Cr moments undergo
I'4(Gy) to T'y(G,) spin-structure transition. Through sound
velocity and specific-heat measurements on single crystals,
they concluded the SRPT in SmCrO; to be a second-order
phase transition [25], which arises due to softening of the
acoustic branch of the associated spin wave. However, the
attempt of independent determination of the spin configura-
tions in SmCrO; across canted antiferromagnetic (CAFM)
and SRPT, through a magnetic structural tool such as neutron
scattering, remained missing until recently [26].

The orthochromites and orthoferrites both undergo two
magnetic phase transitions; the one at relatively higher tem-
peratures is a CAFM phase, and the other results out of SRPT
at relatively lower temperatures. In most of the studies (White
[8], Bertaut et al. [27,28], Bertaut [29] and Shamir et al. [30])

©2021 American Physical Society


https://orcid.org/0000-0001-8748-2425
https://orcid.org/0000-0002-1745-1073
https://orcid.org/0000-0002-5923-9732
https://orcid.org/0000-0002-8845-6576
https://orcid.org/0000-0002-4542-0549
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.144418&domain=pdf&date_stamp=2021-04-12
https://doi.org/10.1103/PhysRevB.96.174421
https://doi.org/10.1103/PhysRevB.103.144418

TUSITA SAU ET AL.

PHYSICAL REVIEW B 103, 144418 (2021)

these two transitions, CAFM and SRPT, are attributed, respec-
tively, to T4(Gy, Ay, Fz; EF) and Ta(Fy, Cy, Gz; FX, Cf) spin
configurations, except a few, e.g., DyFeO; [31], where I'4
transforms to I'; across the SRPT. As indicated by Johnson
et al. [32] and realized by Lee et al. [33,34] and Kuo et al.
[35], to unravel the role of magnetic structure behind the novel
physical properties, e.g., the magnetoelectric-multiferroic and
magnetization reversal, knowledge of correct spin structure is
vital.

Due to the presence of nearly 14% of highly neutron-
absorbing isotope '“’Sm in natural Sm compounds, SmCrOs
has been challenging for its spin-structure determination using
neutron scattering. Tripathi et al. [26] have tried to divulge the
spin structure of SmCrO3 below SRPT through high-energy
neutron powder diffraction (NPD) and have attributed it to
a Pbnm T'((Ay, Gy, Cz;Cf) spin configuration. However, the
majority of the spin configuration for SRPT is known to
be T2(F, Cy, Gz; FR, Cf) [8]. While using short-wavelength
neutrons minimizes the absorption issues, a clear drawback of
this approach is the low resolution of the scattering data, with
mingled nuclear and magnetic peaks. This is quite likely to
lead to a wrong conclusion (see Supplemental Material [36]).
Looking into the importance of the knowledge of correct
magnetic structure, we revisited the magnetic structure deter-
mination of SmCrOj3 using the high-resolution high-flux time
of flight (TOF) neutron scattering beam line WISH, at ISIS in
the United Kingdom [37]. Our TOF NPD and magnetization
studies reveal that the CAFM and SRPT phases of SmCrO3
possess the T'4(Gy, Ay, Fz; FEF) and Ty (Fy, Cy, Gz; FX, Cf)
spin configurations, respectively. The Sm>* ions undergo a
G® type second-order AFM ordering at Ty < 4K through
Sm>*t-Sm3* direct interaction leading to a I', to I'y; phase
transition of SmCrO3 with Pr’a2] polar order.

II. EXPERIMENT

A polycrystalline sample of SmCrO; was synthesized
by a standard solid-state route. Stoichiometric amounts of
dried Sm»03 (99.99%) and Cr,O3 (99.99%) were accurately
weighed and ground for ~8 h in an agate mortar and pestle.
The mixture of reactants was calcined in air in a MoSi, muffle
furnace. The sample was reground after each firing sequence
successively at 1000°C, 1100°C, 1200°C, and 1300°C for
24 h. Phase formation was monitored after each heating cycle
using powder x-ray diffraction (XRD). Finally, the sample
was pelletized in a disk shape under 80 kN/m? pressure
and sintered at 1350°C for 20 h. The single-phase nature
of the final sintered pellets was confirmed through room-
temperature (RT) XRD using a two-circle goniometer set in
Bragg-Brentano geometry and mounted on a Cu Ko rotating-
anode x-ray generator working at 10 kW. To measure the
charge states of Sm and Cr in the compound, x-ray photoelec-
tron spectroscopy (XPS) measurement was carried out using
Al Ka x rays with an ESCA system from SPECS GmbH.
Energy-dispersive x-ray analysis (EDS) analysis under scan-
ning electron microscopy (SEM) was performed to determine
the elemental composition of Sm and Cr. Dc magnetization vs
temperature (M-T) measurement, under a 500 Oe field, was
done from 320 K down to 2 K under zero-field cool (ZFC),
field cool cooling (FCC), and field cool warming (FCW)

protocols using a SQUID magnetometer (Quantum Design
Inc., USA). Isothermal M-H measurements were also carried
out at some selected temperatures up to 6 T. To investigate
the nuclear and magnetic structures of the compound, and its
variation across the magnetic phase transitions, temperature-
dependent TOF NPD was carried out at the time of flight beam
line WISH at ISIS, UK. The high-resolution and high-flux
design of WISH is quite suitable for studying such high-
absorbing materials. For TOF NPD the powder sample was
packed in a 3 mm vanadium capillary to minimize the absorp-
tion effects. The capability of the WISH beam line for such a
high-absorbing sample was assured through a RT NPD mea-
surement using just a RT candle holder. The low-temperature
NPD data were collected during heating at 1.5, 25, 55, 90,
150, 190, 210, and 250 K using a liquid-helium cryostat. The
structural refinement of the RT XRD data, the symmetry anal-
ysis giving rise to the exhaustive list of possible irreducible
representations (irreps) for magnetic moment configurations,
and the nuclear and magnetic structure refinement were done
using JANA-2006 [38].

III. RESULT DISCUSSIONS

A. Phase purity characterization and magnetization studies

Structural phase analysis of the as-prepared SmCrO3 sam-
ple was confirmed using XRD and TOF NPD both. Figure 1(a)
shows the RT XRD data of the as-prepared SmCrO3 sample,
Rietveld refined using the Pbnm space group. A perfect fit,
with goodness of fit (GOF) parameter ~1.2 and the presence
of only ~2 wt % impurity of Cr,0O3; confirmed the formation
of a nearly single-phase sample with Pbnm structure. Fig-
ure 1(b) shows the Rietveld refined RT TOF NPD data of the
same SmCrO; sample. The Sm, Cr, and the two oxygen atoms
O1 and O2, were confirmed to occupy the 4c, 4b, 4c, and 8d
Wyckoff positions of the Pbnm structure, respectively. The
refined RT crystal-structure parameters are given in Table L.
The lengths of the Cr-O1 (1.981 A) and Cr-O2 (1.963 A)
bonds and Cr-O1-Cr (149.4°) and Cr-O2-Cr (149.7°) bond
angles, as determined from the fitted crystallographic pa-
rameters, were found to closely match with that of Xiang
et al. [39,40]. However the Cr-O2-Cr bond angle of 166°, the
only structural parameter reported by Tripathi ef al. [41], is
found to be too off as compared to that of ours and Xiang
et al. [39,40]; also see [36] for details. The perfect match
between the RT crystal structure parameters, as obtained from
the refinement of the XRD and NPD data, confirm the suit-
ability of the WISH (ISIS, UK) beam line for the magnetic
and structural phase-transition studies of SmCrO3 containing
highly neutron-absorbing natural isotope '#°Sm. The refined
parameters are depicted as crystal structure models in the
corresponding insets of Figs. 1(a) and 1(b). Figure 2 shows
XPS spectra of spin-orbit doublets of (a) Cr 2p;/, and 2p3,»
with binding energies 586.37 and 576.57 ¢V and (b) Sm 3d3,,
and 3ds,, with binding energies 1110.09 and 1083.12 eV,
respectively. The measured binding energies for Cr 2p and
Sm 3d match very well with the Cr** and Sm>* charge states
[42—45]. EDS analysis revealed 47 at. % of Sm and 53 at. %
of Cr, which, within the typical error of the EDS technique,
is close to the intended 50%-50% composition of Sm and Cr;
see Ref. [36] for details of XPS and EDS analysis.
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FIG. 1. Rietveld refined room-temperature (a) x-ray powder
diffraction and (b) time of flight (TOF) neutron powder diffraction
(NPD) data of the same SmCrO; sample. The two-phase XRD re-
finement shows ~2 wt % of Cr,0O3;. XRD and NPD data have been
refined using the Pbnm space group. The refined crystallographic
parameters are given in Table I and the unit cell model of the crystal
structure is shown in the corresponding insets. Highly symmetric
CrOg octahedra can be clearly seen.

Figure 3(a) shows the temperature dependence of dc mag-
netization (M-T) of the studied SmCrQOs;. The features of ZFC,
FCC, and FCW M-T curves are similar to that of Ref. [26].
The sharp jump in magnetization at Ty; = 192K, resulting
in a maximum of ~ 0.07ug/u.c. (unit cell) at low tempera-
tures, signifies a weak-ferromagnetic (WF) transition. In the
literature [46,47] related to rare-earth chromites such WF
transitions are invariably attributed to the occurrence of canted
antiferromagnetic (CAFM) order of Cr** moments, arising
due to Dzyaloshinskii-Moriya (DM) interaction [48,49]. At
192 K the Sm** moments, however, still remain paramag-
netic, but with decreasing temperature slowly get polarized
under the exchange field of Cr** moments. This polarization
is AFM in nature, and known [8,50,51] to cause continuous
rotation of the Cr’* moments leading to SRPT at 37 K in
Fig. 3. The Curie-Weiss (CW) fit of the paramagnetic region
of x4.-T above 250 K, as shown in the inset (i), gives an

TABLE I. Crystal structure parameters of SmCrO; across the
CAFM and SRPT as obtained from the Rietveld refinement of 300 K
and low-temperature diffraction (XRD and TOF NPD) data.

Temperature 300 K 300 K 90 K 15K
Data type XRD TOFNPD TOFNPD TOF NPD
Space group Pbnm Pbnm Pbnm Pbnm
Lattice parameter
a(A) 5.3655(7)  5.3690(1)  5.3634(8)  5.3624(1)
b (A) 5.4988(1)  5.5003(5)  5.4911(7)  5.4907(1)
cA) 7.6420(8)  7.6460(7)  7.6337(5)  7.6316(3)
Fractional atomic positions
Sm(4c): x 0.01001 0.01396 0.00944 0.01362
1y 0.05099 0.03780 0.03310 0.03649
1z 0.25 0.25 0.25 0.25
Occup: 0.5 0.5 0.5 0.5
Cr(4b): x 0.5 0.5 0.5 0.5
1y 0 0 0 0
1z 0 0 0 0
Occup: 0.5 0.5 0.5 0.5
O1(4c): x —-0.09641 —-0.08739 —0.08472 —0.08495
1y 0.48644 0.47765 0.47673 0.47692
1z 0.25 0.25 0.25 0.25
Occup: 0.5 0.5 0.5 0.5
0,(8d): x 0.29136 0.29675 0.29761 0.29733
1y 0.29636 0.29430 0.29495 0.29490
1z 0.05169 0.04519 0.04475 0.04443
Occup: 1 1 1 1
Reliability factors
GOF 2.01 0.97 1.69 1.68
Rp 9.50 2.12 2.32 2.34
Rup 12.47 2.49 2.89 292

effective moment of 7.8 u;, which is close to earlier reports
[5,52]. The ZFC M-T shows shallow minima below SRPT; see
inset (ii). The FCW curve remains exactly reversible to FCC
until 22 K, but above it, follows an irreversible path showing
a broad hysteresis, which finally merges at Ty;. Irreversible
FCC and FCW M-T are common to most orthochromates
comprising magnetic rare earths [10-12,14,16]. However,
the details of irreversibility keep changing. For example, in
SmCrOs;, as shown in the above, the FCW magnetization
remains lower than that of the FCC, but for GdCrOs; [11] and
TmCrOj; [12] it is opposite; the FCW magnetization becomes
higher than that of the FCC. Figures 3(b) and 3(c) show M-H
variation at 25 and 60 K confirming the presence of weak-
ferromagnetic domains with finite remanence and coercivity.

B. Low-temperature neutron diffraction studies

Figure 4(a) shows the temperature-dependent TOF NPD
patterns of the SmCrO;3 sample collected during warming at
selected temperatures from 1.5 to 250 K. Collection of each
pattern was started after stabilizing the temperature within 0.1
K. As discussed above, the peaks of the patterns were success-
fully indexed with Pbnm structure having distorted perovskite
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FIG. 2. X-ray photoelectron spectroscopy peaks of spin-orbit
split doublets of (a) Cr 2p and (b) Sm 3d. The measured binding
energy (BE) positions of the peak maxima of (a) Cr 2p;,, and 2p3,,
are 586.37 and 576.57 eV and that for (b) Sm 3d3,, and 3ds,, are
1110.09 and 1083.12 eV, respectively. These BE values of doublets
match very well with the reported (a) Cr** and (b) Sm*" charge
states.

orthorhombic lattice with parameters defined as ao = \/2ap,
b, = \/2a,, and ¢, = 2a,, where a, is the pseudo-perovskite
lattice parameter. The indices of the major diffraction peaks
are indicated. Figures 4(b) and 4(c) are the enlarged views
of the (002)/(110) and (101)/(011) peaks. It can be clearly
noticed that, while the (002) and (110) set of peaks remains
nearly unchanged at all temperatures from 1.5 to 250 K, the
(101) and (011) set of peaks appears only below Ty. As shown
in the inset of Fig. 4(c), the (101) and (011) set of peaks
undergoes changes in height in a nonmonotonous way. Close
below the Ty, the peak heights first increase sharply, (011)
remaining higher than (101), and then get slowly saturated
until 55 K. At temperatures below 55 K the nature of the peak
height variation gets reversed, indicating commencement of
some phase transition. The intensity of the (011) peak now
drops sharply, while that of (101) increases sharply, and across
SRPT, at 25 K, both get nearly matched. At 1.5 K the intensity
of (011) again becomes higher by ~10% than that of the
(101).

As confirmed through the refinement of the RT NPD pat-
tern the (002) and (110) peaks in Fig. 1(b), and all other
peaks below these, arise out of coherent nuclear scattering of
neutrons from the crystal structure. The (101) and (011) peaks,
appearing below Ty, indicate a phase transition below Ty.
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FIG. 3. (a) Zero-field cool (ZFC), field-cooled cooling (FCC),
and field-cooled warming (FCW) dc-magnetization data of SmCrO;
measured under 500 Oe, showing occurrence of weak-ferromagnetic
(WF) transition at 192 K due to canted antiferromagnetic (CAFM)
ordering. The sharp drop in magnetization at 37 and ~10.6 K are due
to spin-reorientation phase transition (SRPT) and commencement of
Sm AFM ordering due to direct Sm-Sm interaction. Inset (i) shows
CW fit and (ii) highlights the occurrence of magnetization minima at
~23 K. (b,c) show M-H variation at 25 and 60 K, respectively.

Nuclear Rietveld refinement of the NPD data collected below
Ty confirmed that except for (101) and (011), all the diffrac-
tion peaks below these get fully accounted by the Pbnm crystal
structure. The (101) and (011) peaks appear due to magnetic
ordering giving rise to the CAFM phase at Ty; = 192 K. Since
(101) and (011) are extinct for the Pbnm space group, their
occurrence conveys that the magnetic ordering at 7y, lowers
the net symmetry of the crystal structure, i.e., the symmetry
of nuclear and spin structures both combined, below Pbnm.
Since the magnetic peaks are getting indexed as (101)
and (011) based on the Pbnm parent unit cell basis vec-
tors, the magnetic ordering vector is k = (0,0, 0) (or just
k = 0) type. The occurrence of various possible spin config-
urations for k = 0 magnetic ordering in a Pbnm structure is
well studied and has been very successfully applied to rare-
earth orthomanganites, ferrites, and chromates [27-30,53—
55]. There are eight possible spin configurations for k = 0
magnetic ordering of a Pbnm structure with magnetic ions at
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FIG. 4. (a) Stack of temperature-dependent TOF-NPD data taken during warming. (b,c) show, respectively, the enlarged views of the
patterns corresponding to (002), and (110), nuclear scattering peaks and (101),, and (011),, magnetic scattering peaks. The temperature
variation of the (101),, and (011),, magnetic scattering peaks indicates the change in spin configuration across paramagnetic to CAFM and

CAFM to SRPT phase transitions.

4b and 4c sites; see Table II [29,30]. As can be seen from
Table II, out of the eight possible irreps, only four—I;, ',
I's, and I'y—allow for the finite value to the ordered moment
of a magnetic ion at the 4b site. The other four—I's, T,
I'7,and I'g (or I'j—, I'»—, '3, and T'y_)—do not allow any
ordered moment at the 4b site.

TABLE II. The unique set of irreps and the corresponding mag-
netic basis vectors for the moment configurations of magnetic ions at

(4D) and (4c¢) sites in a Pbnm structure that has undergone k = (0,0,0)
ordering.

Space group irreps (4b) Cr (4¢c) Sm
Pbnm ry A, G, C, - —C
Pbn'm’ I, F.C, G, F.C, —
Pb'nm’ I3 C. F A, C. F, —
Pb'n'm ry G. A F, ——F
Pbn'm’ Is - — = G. A, —
Pb'nm T - — = — — A,
Pbrn'm I, - — = - -G
Pbnm' I'g - — = A, G, —

The spin configurations of Cr** and Sm** magnetic ions
were determined through combined nuclear and magnetic
structure refinement using JANA-2006. JANA-2006 provides
tools such as “REPRESENTATION ANALYSIS OF MAGNETIC
STRUCTURE” and ISODISTORT [56]; both generate an exhaus-
tive list of irreps for all the possible spin configurations for
a given nuclear structure and magnetic ordering propaga-
tion vector. The ISODISTORT option can be used to generate
magnetic structure crystal information files (CIFs) with de-
sired superimposition of more than one irrep. In the present
case the CAFM ordering takes place at 192 K. Since it is
quite unphysical to consider Sm** getting independently or-
dered at such a high temperature, the observed CAFM order
is fully accounted to Cr’" ordering arising from Cr’* —
02~ — Cr’* superexchange. Therefore, for magnetic Rietveld
refinement, out of the eight possible spin configurations,
only those were selected, which allowed a finite moment at
the 4b site (Cr’"), ie., Pbnm:T' (A, Gy, Cz;CR), Pbn'm’ :
I (Fy, Cy, Gz, FR, Cf), Pb'nm":T'3(Cy, Fy, Az; C, FyR), and
Pb'n'm : T4(Gy, Ay, Fz; FR) [27-29]. All the components of
the selected irrep were set free during the refinement it-
erations. Since these irreps are responsible only for the
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occurrence of magnetic peaks, to decide upon the correct spin
structure, we monitored the fit quality of (101) and (011)
magnetic peaks once the refinement iterations converged to a
stable GOF parameter for the selected irrep. Keeping in view
the highly neutron-absorbing nature of “Sm, the pseudo
absorption correction was refined for obtaining the best fit.
For details on the pseudo absorption correction see the Sup-
plemental Material [36]. At a given temperature the correction
factor was found to be the lowest for the irrep giving the best
fit and ranged from 0.36 to 0.42.

Figures 5(a) and 5(b) compare the fit quality of the re-
finement of the magnetic peaks collected at 25 and 90 K,
respectively. Each of Figs. 5(a) and 5(b) has four panels,
each depicting the quality of magnetic fittings corresponding
to the irreps I'y, 'z, ['s, and T'y, as indicated in the panels.
It can be seen that the best fit for the 25 and 90 K TOF
NPD data of SmCrO; correspond to I'>(Fy, Cy, GZ;FXR, Cf)

and I'y(Gy, Ay, F;; FZR ), respectively. A review of the standard
uncertainties (s.u.) corresponding to the values of moments
of each component of I'; and 'y irreps, while the compo-
nents were set free to iterate, revealed that the ferromagnetic
components F, of Cr and FZR of Sm were very small, while
the corresponding s.u. were many times larger; see Table
SM2 [36]. The large s.u. basically indicated the insignificance
of these components, and hence in the next approach the
F, and FZR were constrained to zero before iteration. Since
these components were already very small the constrained
refinement resulted in only a very slight improvement in the
profile of the (101) and (011) magnetic peaks. The GOF also
lowered only slightly; see Table SM3 [36]. Here it should
be noted that the weak ferromagnetism, as experimentally
observed through M-T and M-H in Figs. 3(a)-3(c), confirms
the presence of F, and F components. The results of the
constrained refinement physically signify that the values of
the F, and FZR components, which are necessary to give rise
to weak ferromagnetism in the CAFM phase, are too small
to be significantly realized under the given statistics of the
TOF NPD data. Thus, as indicated by the bold letters [55],
the major component of CAFM ordering below 192 K corre-
sponds to G, type and that of the SRPT to G, type. As can
be inferred from the irrep in Table II the realization of just
even the G, and G, components, for a moment siting at the
4b site in a Pbnm phase, uniquely confirms the presence of
I'y and T'; spin configurations, respectively. Here it appears
imperative to discuss that to make the structure refinement
comparison equal between the I'; and I', irreps, the con-
strained refinement approach was followed also for the I';
irrep selected for that of 25 K TOF NPD data. However, there
was no consequent change in the comparison already depicted
in Figs. 5(a) and 5(b).

As seen in Fig. 3(a), the reversible drop in FCC and
FCW magnetization below 22 K is due to the emergence of
Sm>*-Sm** interaction leading to an independent second-
order Sm AFM ordering at low temperatures. Specific-heat
measurement does clearly show Sm ordering [25] below
4 K. Occurrence of additional magnetic ordering at 1.5 K
is expected to modify the intensity of the magnetic peaks.
Figure 6(a) shows the comparison of peak intensities of the
(101)p, and (011),, magnetic peaks at 1.5 K. It can be seen
that the height of the (011),, magnetic peak at 1.5 K is lower

by ~10% w.r.t. that at 25 K. Yamaguchi and Tsushima [4]
have shown that additional ordering of Sm makes the Pbn'm’ :
Fg(Fx,Cy,Gz;FxR, Cf) magnetic structure degenerate. Two
possibilities result; the first arises from the superposition of
Pbn'm’ : T, and Pb'nm : T, leading to I'y¢, and the second
from the superposition of Pbn'm’ : T'; and Pbn’m : I'7, leading
to I'7. As an effect of these superimpositions the nonpolar
space group Pbnm transforms to polar space groups P2;2;2;
and Pna2;. The Pbn'm’: T2 (F;, Cy, G, Fk, Cf) transforms,
respectively, either to P2/212 :(Cy, Gy, F,;CX, AR FR) or
Pr'a:«(Cy, Fy, Gz;Cf, Ff, Gf). Please note that permuta-
tion of the magnetic ordering types in the above represen-
tations follows that of the corresponding lattice parameters.
Following the ISOSDISTORT option in JANA-2006 the magnetic
CIFs corresponding to ' and I'y; were generated and used
for refinement of the 1.5 K TOF NPD data. As described
in the above, unconstrained and constrained magnetic refine-
ments were carried out. Tables SM 3(a) and SM3(b) [36]
present the components of the refined moments and the cor-
responding errors for unconstrained and constrained magnetic
refinements. The unconstrained refinement results in identical
GOF, 1.68. Figures 6(b)-6(d) show the comparison of uncon-
strained refinement of the major magnetic peaks at 1.5 K;
notice the encircled tip region of the right-side magnetic or-
dering peak. After close evaluation it is realized that I'»7,
ie., Pn'a2|:(C;, Fy, Gz;Cf, Ff, Gf), provides the better fit.
However, after setting the moments with large errors to zero,
in both cases ' and I',7, the constrained refinement yields
lower GOF of 1.64 for I'y4 as compared to 1.66 for I'»;.
This implies that under the given statistics of the TOF NPD
data differentiation between I'y¢ and I'p; phases can not be
done.

The typical fit quality of the Rietveld refined full NPD
patterns, corresponding to 1.5, 25, and 90 K, are shown in
Figs. 7(a) and 7(c), respectively. The refined magnetic struc-
ture models corresponding to 1.5 K (I'y¢ and T'y7), 25 K
(I'2), and 90 K (I'4) are shown in Figs. 8(a)-8(d). In the I'y
magnetic structure model shown in Fig. 8(d), corresponding
to 90 K, the ordered Sm moment has not been shown due to
its insignificant value. The comparison of the fit quality of the
(101) and (011) magnetic peaks of TOF NPD data collected
at other temperatures is shown in the Supplemental Mate-
rial [36]. All these results confirm that below Ty; = 192K
SmCrOj3 undergoes a paramagnetic to CAFM transition com-
prising Pb/n'm : T4(Gy, Ay, F.; FX) spin configuration. On
lowering the temperature, at ~37 K the Pb'n'm : 'y spin
configuration transforms to Pbn'm’ : T»(F, Cy, GZ;FXR , Cf).
Below 37 K the Cr’* and Sm*" moments undergo spin-
reorientation transition such that the net FM component now
orients along the a axis, F,. The presence of such magnetic
components and their changeover during SRPT have been
realized in bulk magnetization measurements on single crys-
tal [17,25,57]. At temperatures below SRPT the Pbn'm’ :
[y (F, Gy, Gy FxR , Cf) phase transforms to the polar phase,
either P2{22, : Ty (Cy, Gy, F2;CX, AR, FR) or Pn'a2] : Ty
(Fy, Cy, G, FX, Cf, G*), due to Sm-Sm independent AFM
ordering. Figure 9 shows temperature dependence of the or-
dered moment values of Cr*™ and Sm>*' ions as obtained
from the constrained refinement of the magnetic structure. The
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FIG. 5. Comparison of Rietveld fit quality of the refinement of (101),, and (011),, magnetic scattering peaks using spin configurations I'y,
I';, I'3, and T'y. The comparison shows that (a) after SRPT, at 1.5 K the spin structure belongs to I'; and (b) at 90 K, i.e., below the CAFM

transition, the spin structure belongs to I'4.
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FIG. 8. (a) I'y¢ and (b) I'y; spin-structure models made based on
the unconstrained refinement. It reveals spin configurations showing
Sm-Sm direct AFM ordering over the I'; ordering at 1.5 K. (¢)
I'; ordering at 25 K, after SRPT at 37 K and (d) I'y ordering at
90 K, below the CAFM transition as obtained through constrained
refinement.

observed moment of Cr** in its most ordered state at 1.5 K is
~2.9 up, which is very close to the expected spin-only value
of 3 up. The observed most ordered value of Sm>T moment
is 0.63 up, which is slightly lower than the expected value of
0.71u for free Sm** ion. In many Sm compounds the satu-
ration magnetic moment of Sm** is found to be significantly
lower than the expected 0.71u, [58]. A close match between
the expected and the observed moments, as obtained through
magnetic-structure refinement, confirms the correctness of the
magnetic structure obtained from Rietveld refinement of the
low temperature TOF NPD data.
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FIG. 9. Temperature dependence of the ordered moments of
Cr** and Sm*" as obtained from the constrained magnetic
refinement.

Using the components of the Cr** moment as obtained
through constrained refinement, canting angles (angle w.r.t.
to the a, b, and ¢ axes) of the moment have been calculated.
Figure 10 shows the temperature variation of the canting an-
gles of Cr’*. It can be seen that, unlike in Ref. [26], the Cr**
moments remain confined in the a-b plane with major com-
ponents aligned along the a axis in the I'y phase, as proposed
by Gorodetsky et al. [25]. It does not reveal any appreciable
temperature dependence.

Looking at the M-T variation in Fig. 3(a) it appears that
the magnetocrystalline anisotropies of the I'; and I'y phases
of SmCrO; are way apart. Reversal of sign of second-order
magnetic anisotropy across the SRPT has been known previ-
ously for rare-earth orthoferrites [8]. The magnetic-anisotropy

Canting angles (deg)

0 25 50 75 100 125 150 175 200
Temperatures (K)

FIG. 10. Temperature variation of canting angles of the Cr and
Sm moments w.r.t. the a, b, and ¢ axes in Iy and I'; phases. In the I'y
phase the Cr moments remain confined nearly in the a-b plane with
the major component along the a axis and flip along the ¢ axis below
the SRPT.

energy is given as Eq. (1).
E = Ky + K;sin®0 + K»sin*6. (D

Here K; and K are, respectively, the second- and fourth-
order magnetic-anisotropy constants. Positive or negative K’s
would favor alignment of the moments along a particular axis
(ak.a. easy-axis type) or in a plane (a.k.a. easy-plane type),
respectively. In the situation of K’s having opposite signs,
easy-cone type anisotropy [59] is expected for K, = —%Kl
to K, = oo (with K; negative), which is practically realized
as canted spins [60]. It has been theoretically shown [61] and
investigated through microwave spectroscopy studies [62,63]
that the SRPT arises due to fourth-order magnetic anisotropy,
which is generally small but dominates the orientational be-
havior when the second-order magnetic anisotropy changes
sign [8,64,65].

Under the ZFC protocol of M-T measurement the uncor-
related spins of Cr>" moments in the paramagnetic state start
aligning along their equilibrium orientations and order canted
antiferromagnetically below the Néel temperature Ty . At Ty,
however, the Sm>" moments still remain uncorrelated. This
CAFM state of Cr>t moments, which has a resultant moment
along the z direction, generates an internal field. When the
temperature is further lowered, the Sm** moments begin to
respond to this internal field due to anisotropic superexchange
interaction between them, and align antiparallel to it [8,10—
12,50,51,64,65]. The interaction of Sm>T moments with Cr3*
moments tries to rotate the Cr*™ moments along the z direc-
tion. This process continues as continuous rotation of the Cr**
moments leading to nearly 90° flip at the SRPT [10]. From the
refined spin-structure model given in Figs. 8(c) and 8(d) it is
clear that the Cr** moments flip by 90° below the SRPT. The
Sm>* moments also flip and maintain their nearly perpendic-
ular orientation w.r.t. to the Cr** moments. Homer and Varma
[9] have theoretically shown that under zero field, continuous
rotation of moments may result due to temperature-dependent
K, and K, magnetic-anisotropy constants leading to a second-
order phase transition. The continuous nature of rotation of
Cr’* moments is also experimentally realized through ZFC
M-T variation. As can be seen in Fig. SM 7 [36], the peak
corresponding to the first derivative of ZFC M-T is asymmet-
rically broadened around the SRPT. The derivative gradually
rises from ~53 K, attains its peak at 34 K (19 K wide), and
drops to its initial baseline at 26 K, just within 8 K. Due to
continuous rotation of the Cr’* moments its FM component
keeps continuously increasing, and in response the antiparallel
polarized Sm** moments also continuously increase, com-
pensating the Cr** FM component, so close to SRPT that the
net magnetization starts decreasing. It is found in many rare-
earth chromates, that while cooled under optimum field, the
overcompensation leads to negative magnetization. A much
lower value of ZFC magnetization of the I', phase, as com-
pared to Iy, could be due to high uniaxial magnetic anisotropy
of the I'; phase as compared to easy-plane anisotropy of the
I'y phase.

Under the FCC protocol, the presence of a magnetic field
aids the moments to align along the field direction. Since in
the 'y phase the anisotropy is easy-plane type, the applied
magnetic field overcomes the anisotropy, and orients the do-
main magnetization of the ferrimagnetic phase of SmCrOj; to
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TABLE III. Experimentally refined and DFT calculated moment vectors on various chromium sites for the I"; and I'; spin configurations

of SmCrO; at 1.5 K.

Iy Spin configuration

I'; Spin configuration

Site Experimental Calculated Experimental Calculated

Crl [0.18, —2.63, 0.07] [0.05, —2.84, 0.04] [0.14,— 0.1, —2.87] [0.05, —0.05, —2.84]
Cr2 [—0.18, 2.63, 0.07] [—-0.05, 2.84, 0.05] [0.14, —0.1, 2.87] [0.06, —0.04, 2.84]
Cr3 [-0.18, 2.63,—0.07] [-0.06, 2.84, —0.05] [0.14,0.1, —2.87] [0.04, 0.04, —2.84]
Cr4 [0.18, 2.63, —0.07] [0.06, 2.84, —0.04] [0.14,0.1, 2.87] [0.06, 0.05, 2.84]

a certain extent along the field, resulting in higher magne-
tization in between Ty; and Tsgpr as compared to the ZFC
case. The reversible drop in M-T below ~22 K indicates the
commencement of the second-order phase transitions.

The sharp drop in M-T below ~10.6 K, in contrast to the
ZFC data, where the magnetization gradually increases with
decrease in temperature, is attributed to the commencement
of independent AX or GF type AFM ordering of Sm*" with
Ty» ~ 4 K. The slight off-horizontal tilt of Sm** moments as
shown in Figs. 8(a) and 8(b) stands for Sm-Sm independent
AFM ordering. This observation corroborates very well with
the specific-heat data on single-crystal SmCrO; [25], showing
commencement of Sm ordering at ~10.6 K, while it orders
at ~4 K.

The ~155 K wide irreversible features corresponding to
the M-T drop at 39 K appear to be a result of two different
paths of the formation of the I'y phase. During FCC the I'4
phase forms due to disorder-order transition under applied
field, and hence formation of relatively oriented and larger
ferrimagnetic domains leading to higher net magnetization is
expected. On the other hand, during FCW the I'y phase forms
due to order-order transformation. As can be seen in Fig. 8(c)
the exact horizontal orientation of Sm** moments in Cf AFM
configuration in the I', phase has two possible orientations to
align, [001] or [101] in their F Ié configuration in the I'y phase
across the I'; to I'4 phase transition during FCW; see Fig. 8(c).
Hence the definition of preexisting domains will modify with
180° domains of ferrimagnetic phase to minimize the magne-
tostatic energy cost. The increased number of 180° domains
will therefore lower the net magnetization. Since all domain
structures ultimately vanish at the paramagnetic phase, the
FCW M-T gradually merges to FCC above Ty, = 192 K.

C. Ground-state energy calculation for I'y
and T, spin configurations

The experimental result of NPD showing transformation
of I'y spin configuration to I'; below SRPT in SmCrOj; is
in contradiction with the I'4 to T'1(Ay, Gy, CZ;Cf) transfor-
mation as reported in Ref. [26]. This discrepancy has been
independently probed through ground-state energy calcula-
tion for I', and I'y spin configurations for SmCrOs;. In order
to understand the relative stabilities and predict correct spin
configuration, the energies of low-temperature experimental
crystal structures, with different spin configurations, were
computed within the framework of density functional theory
(DFT) as implemented in the VASP code [66—68] by employing
the generalized gradient approximation (GGA) for exchange

correlation and the rotationally invariant approach introduced
by Perdew et al. [69,70] and Dudarev et al. [71] for ex-
plicit treatment of Cr 3d electrons. Electron configurations
of 552, 5p%, 5d', and 6s” for samarium; 3p°, 34>, and 4s'
for chromium; and 6s® and 2p°® for oxygen were treated as
valence electrons. As the intraorbital electron correlations are
known to be about 3-5 eV in transition-metal oxides [52,72],
U =37 ¢V and J =0.6 eV were used in the calculation.
Spin-orbit interactions were considered and all the symme-
tries were turned off in all the calculations. Plane waves up
to 600 eV were used and the total energies were converged
to 107 eV /u.c. during the electronic minimization. The ex-
perimental lattice parameters were used in all the calculations
and ionic relaxation was carried out until a force tolerance of
0.005 eV /A was achieved. A I'-centered 6 x 6 x 4k-point set
was used to calculate the energies.

The unit cell of SmCrO; contains four formula units with
Cr** ions occupying edge- and face-center positions in an
octahedral environment of O>~ ions. A G-type AFM state
corresponding to I'y and I'; spin configurations was enforced
by aligning moment vectors on the Cr>* sites along the exper-
imental directions as given in Table III. After ionic relaxation
and subsequent electronic minimization the relaxed crystal
structures were found identical to each other, except that the
spin configurations were different. The Cr** moments became
relaxed and almost collinear to the b axis for I'; and to the ¢
axis for I'; configurations; see Figs. 11(a) and 11(b). In both
the cases, the calculated bond lengths are within 0.5% of the
experimentally observed value of 1.98 A. A comparison of the
Rietveld refined 1.5 K crystal structure of SmCrOj3 and the re-
laxed crystal structure obtained after electronic minimization
is shown in the Supplemental Material [36]. The directions of

I, Structure

I, Structure

E=2.1 meV/u.c. E=0.0 meV/u.c.

FIG. 11. DFT relaxed unit cells of 1.5 K structures with (a) I'y
and (b) I'; spin configurations. The energy of the I'y spin configura-
tion is presented taking that of the I'; as the reference.
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the moments as obtained after the neutron structure refinement
and those obtained after DFT electronic minimization are
both presented in Table III. The calculated moments show a
small canting of spins, which is fully consistent with the Cr3*
moments obtained from Rietveld refinements. Among the two
1.5 K structures, the energy of the I'; spin configuration is
about 2.1 meV /u.c. (~24 K) lower than that of the I";. Hence
we conclude that the I', spin configuration as also obtained
by the Rietveld refinement is the correct spin configuration of
SmCrO; below the SRPT.

IV. CONCLUSION

Based on the combined dc-magnetization and high-
resolution TOF NPD studies we show that SmCrO;
undergoes a canted antiferromagnetic phase transition at
Ty; = 192K with the Cr** and Sm>* ions getting ordered
to a spin configuration Pb’n’m:F4(Gx,Ay,FZ;FZR). The
weak ferromagnetism across 7y is due to uncompensated
ferromagnetic components F, and FZR, respectively,
of ordered Cr’* and Sm*' moments. At still lower
temperatures the Cr’* moments undergo continuous
rotation, which causes SRPT at 37 K and the spin
configuration changes from Pb'n'm: F4(Gx,Ay,FZ;FZR)
to Pon'm’ : Ty (F, Cy, Gz;ECR, Cf). At temperatures below
10 K the Sm*" moments start to AFM align due to direct

Sm-Sm interaction against the internal field of Cr*" and the
Pbn'm’ : T'; phase undergoes a second-order phase transition
below Ty, < 4K, resulting in either ', or I'»7 spin config-
urations with polar order P22}2; :(Cy, Gy, F,;CX, Aﬁ, FF)
or Pn'a2|:«(C,, F, Gz;Cf, F f , Gf), respectively.  The
spin-dependent DFT calculation taking into account
the spin-orbit interaction confirms that in SmCrO; the
Ty(F, Gy, Gz; FR, CF) spin  configuration is lower in
ground-state energy by ~2.1 meV /u.c. (~24 K) as compared
to that of the I';(Ax, Gy, Cz; Cf) spin configuration.
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