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SmCrO; single crystals were successfully grown utilizing the high-pressure optical floating-zone method and
their crystal structure, magnetization behavior, and magnetic phase diagrams were thoroughly investigated. Mag-
netic studies were conducted for fields applied along all principal crystallographic directions, with measurements
taken at temperatures as low as 0.4 K and magnetic fields up to 14 T. The single-crystal growth parameters are
reported and the orthorhombic structure with the centrosymmetric space group Pbnm is confirmed. Long-range
order of the Cr** and Sm** magnetic sublattices evolves at Ty = 192 K and T, = 3 K, respectively. In contrast
to previous studies on polycrystals, our single-crystal data imply a discontinuous and one-step spin-reorientation
(SR) of net magnetic moments M from the ¢ axis into the ab plane at zero magnetic field at Tgg = 33 K. Its
discontinuous nature is maintained if B is applied parallel to the ¢ axis but tricritical behavior and a triple point
are found for B parallel to the a axis. While our data are consistent with the magnetic representation I'y for
T > Tsr, the size and in-plane direction of the observed net magnetic moment disagree to previously proposed
spin configurations, i.e., I'y and I',, for the spin-reoriented phases. In general, our high-quality single crystals
enable us to revisit the phase diagram and to clarify the complex magnetism in SmCrO; arising from the interplay

of anisotropic 3d and 4 f magnetic sublattices.
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I. INTRODUCTION

The interplay between transition metal and rare-earth mag-
netic moments is highly relevant in many research areas
including the important application field of permanent mag-
nets such as Sm-Co [1,2] and Nd-Fe-B systems [3-5]. The
phenomena arising especially from the interplay of 4f and
3d magnetic sublattices are particularly complex and give rise
to a plethora of intriguing effects such as spin reorientation
[6-13], solitonic lattices [ 14], emerging spin-phonon coupling
[15], multiferroicity [16-22], spin switching [23,24], and ex-
change bias behavior [25]. The class of RCrOj3 studied here
crystallizes in a distorted perovskite-type crystal structure
with space group (SG) Pbnm (which has the same symmetry
as the standardized SG Pnma, yet comprises simply an alter-
native crystallographic setting with permuted principal axes)
and two magnetic sublattices (R*" and Cr’**) [26]. A main
feature of the resulting magnetic interactions, among the 3d
moments, among the 4f moments, and between 3d and 4f
moments, is the evolution of canted antiferromagnetic order
of the Cr’t moments, involving a weak ferromagnetic com-
ponent due to Dzyaloshinskii-Moriya interactions [27-29].

Research on rare-earth orthoferrites dates back many
decades. A review of early works [30] reports the existence
of three spin configurations: I'y (Cr3+: Ay, Gy, C; R3t:
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O,, Oy, C;) spin configuration with no net magnetic moment,
while T, (Cr*": F, Cy, G,; R**: F,, Gy, O,) and 'y (Cr*™:
Gy, Ay, F; R3*: O., O,, F,) show net magnetic moments
pointing along the x and z axes, respectively (cf. Fig. S2 of the
Supplemental Material (SM) [31]). The recent observations of
sizable spontaneous polarization in the magnetically ordered
phase triggered by the existence of high-pressure grown single
crystals has renewed the interest in orthochromite research
[32-34]. Whether RCrO; serves as a potential multiferroic
material remains, however, an ongoing and contentious issue.
Raman studies on Sm-substituted GdCrO3 [35] reveal direct
spin-phonon coupling and suggest potential applications for
magnetic switching devices. Notably, clear differences appear
between single-crystal and polycrystalline samples as demon-
strated for ErCrO; [36]. For the latter system a strong anomaly
at the spin-reorientation transition (SRT) and the Er’* mag-
netic ordering transition in the specific heat is only observed
in studies on single crystals.

Due to the volatilization of Cr, O3 as well as the high melt-
ing point of RCrO; compounds, the growth of single crystals
is challenging. In this work, SmCrO; single crystals were
successfully grown by the high-pressure optical floating-zone
method under argon (Ar) pressure of 30 bar. The obtained
single crystals have been used to investigate the magnetic and
thermodynamic properties and to examine the effect of ex-
ternal magnetic field applied along the main crystallographic
axis. While consistent with previous studies on polycrystals
[25,33,37-42], long-range magnetic order of the Cr sublattice
evolves at Ty = 192 K. The successful synthesis of single

©2025 American Physical Society
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crystals enables us to study the SRT at Tgsg = 33 K along
the principal crystallographic axes a, b, and ¢ individually.
Applying the magnetic fields along all three crystallographic
axes results in field-induced spin reorientation with critical
fields varying with temperature and magnetic field direction
and allows to construct the magnetic phase diagrams. We find
clear differences with respect to previously reported studies
on polycrystals, e.g., by following the uncompensated mag-
netic moment and its direction in the various magnetically
ordered phases. In contrast to previous reports, our single-
crystal measurements show that the SRT, at B = 0 T, appears
discontinuously and in a one-step transition. In addition, be-
low Tgsgr, our data do not agree to the previously reported
spin configurations. Applying magnetic fields B||a drives the
system towards a triple point and tricritical behavior. Distinct
anomalies in the magnetization and specific heat signal the
appearance of long-range magnetic order of Sm** moments
at T\ =3 K

II. EXPERIMENTAL METHODS

Polycrystalline SmCrOs; was synthesized by a stan-
dard solid-state reaction. Stoichiometric amounts of Sm,O3
(99.9%, Alfa Aesar) and Cr,03 (99.6%, Alfa Aesar), along
with a 10% excess of Cr,0O3, were thoroughly mixed in a
mortar and calcined at 1350°C for 48 h (air flow, ambient)
with several intermediate grindings [43,44]. The obtained
powder was reground, packed in a rubber tube, and isotrop-
ically pressed at 60 MPa to produce cylindrical rods with
a length of 5 to 6 cm and a diameter of 5 mm. The rods
were then annealed for 48 h (air flow, ambient) at 1500°C.
Single crystals of SmCrO; were successfully grown using
the high-pressure optical floating-zone furnace (HKZ, SciDre)
[45]. A 7-kW xenon arc lamp was used as the heat source,
and a 30-bar Ar atmosphere was maintained with an Ar flow
of 0.1 1/min. The feed and seed rods were pulled at a rate
of 10 mm/h. To improve the homogeneity of the melting
zone, counter-rotation of the feed and seed rods at 10 rpm
was necessary. Further details on the growth and the sample
characterization can be found in Ref. [46].

The phase purity and crystallinity of the resulting ma-
terials were studied by powder x-ray diffraction (PXRD)
and the Laue method in backscattering geometry. PXRD
was performed at room temperature by means of a Bruker
D8 Advance ECO diffractometer using Cu-Ko radiation
(A = 1.5418 A). The data have been collected in the 20 range
of 10°-90° with a 0.02° step size. Laue diffraction was done
on a high-resolution x-ray Laue camera (Photonic Science).

The spatial structure of the prepared sample was studied
by single-crystal x-ray diffraction (SC-XRD) using Mo K,
radiation and a resolution of 0.5 A. Temperature-dependent
SC-XRD measurements were performed at 300 and 80 K on a
high-flux, high-resolution rotating anode RIGAKU Synergy-
DW (Mo/Ag) system. The diffractometer is equipped with
pairs of precisely manufactured Montel mirror optics, a mo-
torized divergence slit which was set to 5 mrad for these
measurements, and a background-less Hypix-Arc150° detec-
tor which guarantees the lowest reflection profile distortion
and ensures that all reflections are detected under equivalent
conditions. For all temperature steps nearly 12000 Bragg

peaks were collected, significantly reducing the experimen-
tal uncertainty. The investigated sample shows no mosaic
spread or additional reflections from secondary phases which
demonstrates the high quality of the sample and allows for
an excellent evaluation with the most recent version of the
CrysAlisPro software package [47]. The data were corrected
for Lorentz, polarization, extinction, and absorption effects.
Using SHELXL [48,49] and JANA2006 [50], all averaged
symmetry-independent reflections (I > 20) have been in-
cluded for the refinements. For both measured temperatures,
the unit cell and the SG were determined, the atoms were
localized in the unit cell using random phases methods, the
structure was completed and solved using difference Fourier
analysis, and, finally, the structure was refined.

The magnetization has been measured in a supercon-
ducting quantum interference device (SQUID) magnetometer
(MPMS3, Quantum Design Inc) and in a Physical Prop-
erties Measurement System (PPMS-14, Quantum Design
Inc) employing the vibrating sample magnetometer option.
A relaxation method was used to perform specific heat
measurements in the PPMS. When studying the tempera-
ture dependence of magnetization, zero field cooled-warming
(ZFC), field cooled-cooling (FCC), and field cooled-warming
(FCW) protocols were applied where the sample has been
cooled down to the lowest temperature either at zero field
(ZFC) before applying the external magnetic field or in the
actual measurement field (FC). FC measurements have been
done on warming (FCW) or cooling (FCC). Before the ZFC
measurements, the applied magnetic field was zeroed-out by
using the oscillation mode at room temperature.

III. RESULTS

A. Single-crystal growth and structure refinement

While multiple studies have been reported on the prepara-
tion of polycrystalline SmCrOs, to the best of our knowledge,
no oriented SmCrO; single crystals have been reported which
may be attributed to the challenges of heavy volatilization
of Cr,0; and the high melting point of SmCrO;. In many
systems, the floating-zone method is considered to have an
advantage in increasing the size and quality of single crystals
compared to flux methods while volatilization is known to
be suppressed by high Ar pressure [51-55]. This led us to
investigate the crystal growth conditions for RCrO; under
high pressure. While the growth under high pressure can
effectively mitigate the volatilization of Cr,03, the required
temperature at which the material melts will increase with
pressure, approaching the operational limitation of the device.
During the successful growths, in situ temperature measure-
ments by means of a two-color pyrometer [53,56] determined
the temperature of the melting zone to about 2300 °C.

We also observed significant amounts of deposited Cr,O3
volatiles adhering to the inner protection glass tube, thereby
affecting the focusing of light (see Fig. S1(a) of the SM
[31]). Eventually it was determined by our experiments that
the corresponding single crystals could be prepared at 30 bar
Ar atmosphere. A relatively fast growth rate of 10 mm/h
was chosen in order to further reduce Cr,O3 volatilization.
x-Ray Laue diffraction in backscattering geometry was used
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FIG. 1. (a) Room-temperature powder XRD patterns and corre-
sponding Rietveld refinement [57] of ground SmCrOj single crystals.
The observed diffraction pattern is shown in red, the calculated one
in black, and the difference between them is shown in blue. The
vertical green bars show the expected Bragg positions of SmCrO;
(ICSD No. 5988 [41]). The refinement converged to Ry, = 13.3%
and x2 = 1.78. (b) Picture of oriented single crystal used for ther-
modynamic measurements.

to confirm single crystallinity and to orient the single crystals
which were then cut with respect to the crystallographic a,
b, and c axis using a diamond-wire saw (see Figs. S1(b) and
S1(c) of the SM [31]). The powder x-ray diffraction (PXRD)
on the ground SmCrOs single crystals as well as the Rietveld
refinement to the powder data are shown in Fig. 1. The result
of the PXRD refinement demonstrates that the sample is free
of impurity phases, and the lattice parameters and the crys-
tal structure are consistent with previous reports [38,42,58].
Refined structural parameters are shown as Table I in
the SM [31].

The quality and structure of our single crystals have been
further determined by SC-XRD measurements. For the crystal
structure illustrated in Fig. 2, two orthorhombic SGs were
suggested in the literature and can be confirmed from our re-
finements: the centrosymmetric SG Pbnm (or the standardize
SG Pnma see discussion above and in Ref. [38] as well as in
Ref. [41]) and the noncentrosymmetric SG Pbn2; (which is a
crystallographic subgroup of Pbnm and simply an alternative
setting of the standardized SG Pna2;) (Refs. [59] and [60]).
For both measured temperatures the structure was refined
in these two relevant SGs. The corresponding results of the
refinements are illustrated in Table II in the SM [31]. The dis-
placement parameters were refined anisotropically; however,
due to space limitations only the equivalent ones Ueqjy are
listed in Table II. Errors shown are statistical errors from the
refinement. For the 300 K as well as for the 80 K data, the
structural refinements converged quite well for both suggested
SGs and showed excellent reliability factors (see Table II in
SM [31] for wR,, R;, and GOF values). As a consequence,
both proposed SGs are in principle possible. In any case, the

FIG. 2. Orthorhombic spatial structure of SmCrO; at 300 K.
Thin black lines represent the orthorhombic unit cell.

higher symmetry SG Pbnm shows slightly better agreement
factors despite a smaller number of parameters for the atomic
positions compared to the noncentrosymmetric one. Further-
more, when reducing the symmetry from Pbnm to Pbn2, the
inversion symmetry is lost but then has to reappear in the
form of a twinning element which produces two merohedral
inversion twins. Therefore, the so-called Flack parameter, f,
is introduced to estimate the absolute configuration of a non-
centrosymmetric structural model and, thus, the respective
percentage of the two inversion twins has to be refined which
further increases the number of used parameters for the latter
SG. The refinements of the absolute structure for SG Pbn2,
indicate that the fraction is around f = 50% for both twins
which points to the fact that the sample is either perfectly
twinned or that the SG remains centrosymmetric. By taking
all of the above mentioned factors into account and unless no
other experiments unequivocally prove that the compound is
acentric, it is generally accepted convention to use the higher
symmetry and, hence, SG Pbnm has to be favored. The non-
centrosymmetric refinement in SG Pbn2; then only comes at
the cost of introducing more degrees of freedom (i.e., more pa-
rameters) and even results in slightly worse agreement factors.
Note that the analysis of the XRD patterns also implies that
the ratio Sm:Cr:O3 (with the Sm occupation fixed to 1) very
precisely amounts to 1.00:1.00:3.00, with an error in the per
mille range for Sm and Cr, and less than 1% for the oxygen.

B. Magnetic order and temperature-driven spin reorientation

The SmCrO; single crystal reveals a pronounced magnetic
anisotropy as displayed in the temperature dependence of the
static magnetic susceptibility x(7') = M(T)/B, obtained at
B = 10 mT, which is shown in Fig. 3 for fields applied along
the different crystallographic axes. The onset of long-range
antiferromagnetic order at 7y = 192 K (the phase will be
labeled AF 1) is associated with a pronounced increase in
Xc, signaling the presence of a sizable net moment along
the ¢ axis as expected for canted antiferromagnetic order
and in-line with previous studies on polycrystals [12,33,40].
At high temperatures, the variation of magnetic susceptibil-
ity with temperature presents a Curie-Weiss—like behavior as
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FIG. 3. (a) Temperature dependence of the static magnetic sus-
ceptibility x = M/B, obtained at B =10 mT applied along the
crystallographic c axis (B || ¢), baxis (B || b), and a axis (B || a); ZFC
and FCW data are represented by open and solid circles, respectively.
(b) Static magnetic susceptibility and (c) its derivative for B||c, B||b,
and Blla at B=10 mT and at T < 30 K. Ty, T2, and Tiomp have
been determined as described in the text.

demonstrated by Xc’l(T) (red line) in Fig. S3 of the SM [31].
Fitting the data obtained at 1 T above 370 K by a Curie-Weiss
law yields an effective moment pegr = 3.5(1) up and a Weiss
temperature Oy = —373(3) K.! The obtained p.s is lower
than those reported in previous studies on polycrystalline sam-
ples [12,38,39] but closer to the theoretical value of 3.96 ug

given by pesr = |/ p3,, + P&,.> The slightly reduced value of
Defr might suggest that crystal fields are still relevant at 400 K,

thereby affecting the Sm>* moments which °Hs /2 ground state
is likely split in three doublets (see, e.g., the discussion in
Ref. [43]). In addition, the value of ®vw from fitting our data
x(T, B = 1T) above 370 K might indicate limited validity of
our analysis in terms of the Curie-Weiss model which is only
correct in the high-temperature regime 7 > ®yy. Our obtained
Oy is in particular much smaller than those reported in the lit-
erature obtained at smaller fields and lower temperatures, i.e.,
Ow = —880 K [fromafitto x(B=0.1T, T < 300K)] [12],
—1326 K [from x(0.05T, 210 — 250K)] [38], and —1002 K

!'The measurement field was chosen to optimize the signal-to-noise
ratio while observing the low-field limit of B < By ~ 200 T esti-
mated below.

>The theoretical value has been estimated by assuming p.; =
0.845 pup for the free-ion paramagnetic contribution of the Sm** mo-
ments (J = 5/2) and pe = 3.873 pg for Cr’* moments (J = 3/2).

[from x(0.15 T, 210-250 K)] [39], which may be explained
by CF effects in the reported lower-temperature regimes.
For comparison, we have also fitted our data by means of
a Moriya model (see Refs. [28,61,62] and Fig. S3 of the
SM [31]) which yields peg = 3.6(1) up, Ow = —435(2) K,
J/kg = 12.84(1) K, and D/kg = 1.54(2) K, the latter being
the symmetric and antisymmetric exchange interactions of the
Cr** moments.

Upon cooling below Ty, x. reaches a maximum value of
1.91(1) erg/(G*mol) at ~70 K and then decreases sharply at
Tsr >~ 33 K. In contrast, x, and x; rapidly increase at Tgg.
The data suggest that the net magnetic moment aligns along
the ¢ axis for Tsg < T < Ty but rotates from the ¢ axis into
the ab plane for T < Tgr. Very small anomalies in x, and
Xb, at Ty (cf. Fig. 3 and the SM [31]) are in the range of
uncertainty of the crystal orientation and the cutting process
so that our data, for Tsg < T < Ty, are in agreement with the
net spin component fully aligned along the ¢ axis, i.e., with
the I'4 configuration.

Figure 3(b) illustrates a pronounced hysteresis between
Xa obtained in the FC and the ZFC protocols which further
confirms the presence of a weak ferromagnetic component in
the ab plane at T < Tsg. Particularly, x“"C becomes zero at
a compensation point around Teomp = 6 K and has negative
values at lower temperature. We attribute this to the interplay
of the Sm*" and Cr’* magnetic sublattices. At Tiomp, the
magnetic moments of both sublattices are of equal magnitude
but opposite directions, thereby canceling each other out and
leading to zero magnetization and static magnetic susceptibil-
ity x. The persistent decrease of xSV in the low-temperature
region suggests the ordering of Sm>*. This is corroborated
by a peak in dy,/dT at Txo = 3 K [see Fig. 3(c) and the
discussion in Sec. III C 3]. The low-temperature tail of xZF¢
also suggests the antiparallel arrangement of Sm>* and Cr**
magnetic moments. In Fig. S5 of the SM [31], the temperature
hysteresis in x, and y. is shown for various higher magnetic
fields up to 0.2 T, which demonstrates the interplay of external
fields on bifurcation.

The specific heat of the SmCrO; single crystal shown in
the Fig. 4 verifies the evolution of a long-range magnetically
ordered phase (AF I) at Ty and confirms a phase transition
at Tsg into AF II. The observed anomaly at Ty = 192 K
is A shaped which corroborates the continuous nature of the
phase transition. A much sharper peaklike anomaly appears at
Tsr = 33 K and its predominantly symmetric shape indicates
the first-order nature of the SRT. As will be shown below,
the magnetic field B||c effect on Tsg can be quantitatively
described by the Clausius-Clapeyron equation which is valid
only for discontinuous transitions and hence confirms our as-
signment of the nature of the transition. Finally, a broad peak
in the specific heat centered around 3 K suggests a Schottky
contribution to cp.

A quantitative estimate of the anomaly at Tyg implies that
SRT is associated with a small jump in entropy ASsg =
0.047(1) J/(mol K). At Ty, one may use the anomaly size of
5.6(25) J/(mol K) as an upper limit of the actual (mean-field)
specific heat jump Ac, since it may be superimposed by
critical fluctuations. However, even this value is much smaller
than the expected mean-field value for a § = 3/2 system of

Actf = R% ~ 18.3 J/(mol K), with R being the gas
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FIG. 4. Specific heat of SmCrO; at B = 0 T. Ty and TR label the
onset of long-range AF order (i.e., phase AF I) of Cr** moments and
SR into the phase AF II.

constant [63]. This discrepancy implies significant short-range
magnetic order above Ty and/or incomplete long-range order
below Ty.

The rotation of a small ferromagnetic moment from the ¢
axis towards the ab plane is confirmed by isothermal mag-
netization data in Fig. 5. At T = 1.8 K, M, (M,,) evidences a
small remanent moment of 0.013 g /f.u. (0.005 ug/f.u.) and
a hysteresis of about 0.1 T (0.14 T). In contrast, no sizable
net moment is seen in M (B||c), which confirms the rotation
of the net magnetic moment perpendicular to the ¢ axis at
Tsr. The response of the net moment is superimposed by
a linear-in-field increase of M which implies AF behavior.
At B="7T field, M, < M, >~ M,/2, all being much smaller
than the saturation magnetization. Extrapolating M, suggests
a saturation field B||a of nearly 200 T.

At T = 20 K, there is a steplike feature in M (B]||c) which
is signalled by a peak in 0M/9B. at B, = 6.4(1) T [see
Fig. 5(b)]. While such a feature is not present for the other
field directions at 20 K, it appears at T = 40 K in M(B||a),
at B, =2.3(1) T, but at this temperature it is quenched in
M (B||c) [Fig. 5(c)]. We attribute the steplike increase in mag-
netization to field-induced SRT from the ab plane to the ¢
axis in the SRT phase (AF II) at T < Tgrr. Conversely, the
field-driven rotation appears from the c¢ to the a direction in
the high-temperature phase AF L at T > Tggr.

In order to further elucidate the reorientation process, we
have performed a series of M vs B measurements for B||c and
for Bl|a, respectively, at different temperatures (see Fig. 6).
Similarly to the trend observed at 1.8 K in Fig. 5, the data
for B||c, at 10 K display rather linear behavior typically ex-
pected for antiferromagnets at low magnetic fields. While a
rather rectangular open hysteresis loop is observed for T >
Tsr, no such hysteresis is observed at T < Tgg. There is,
however, a tiny hysteresis-free S shape of the curve M(B||c)
in the field range |B] < 0.2 T at T < Ty, which points to a
small magnetic moment and suggests a derivation of the pure
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FIG. 5. (a) Isothermal magnetization at 7 = 1.8 K for B||a, b,
and c¢ axes. The inset highlights the behavior around zero field.
(b) Isothermal magnetization at 7 = 20 K for B||c (left ordinate)
and corresponding magnetic susceptibility dM /9B (right ordinate),
and (c) the same quantities at 7 = 40 K for B||a. The dashed lines
indicate the critical field B, and B, as described in the text.

I'; configuration. Concomitantly, a weak ferromagnetic open
hysteresis curve appears for B||a. From the data in Figs. 6 and
S7 of the SM [31] we extract remanent magnetic moments
M?, MP, and M¢ which clearly illustrate the rotation of the
weak net moments at the SRT [see Fig. 7(a)]. In particular,
our single-crystal data imply the rotation of the net moment
into the ab plane.

For T > Tsr (AF I) the measured x. x B is approximately
equal to the total net magnetic moment M in the system.
Whereas, for T < Tsg (AF II) the measured values x, x B
(xb X B) can be considered as the projection of M on the a (b)
axis. The fact that we observe finite M?* and M? implies that M
is not aligned along one of the crystallographic axes. From our
data the angle o between the a axis and M just below Tggr can
be estimated to be approximately 30°. It visibly decreases only
below Ty,. Furthermore, the temperature dependencies of M}
and M allow us to calculate the temperature dependence of
the rotation angle 6, thereby further illustrating the rotation of
the net magnetic moments by utilizing the formula [64]:

Ma
6 = arctan (ﬁi) €))

The resulting temperature dependence is shown in
Fig. 7(b). In addition, 6 can be also estimated from x./x. as
shown in Fig. 7(b), too. The two estimates agree perfectly to
each other if the bare remanent moment is considered (data
not shown). The slight deviations in Fig. 7(b) (open/filled
circles around 25 K) are directly associated to the fact that the
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FIG. 6. Isothermal magnetization at selected temperatures for
[(a)—(e)] Bl|c axis and [(f)-(j)] B||a axis. Data for B||b are shown
in the SM [31].

small magnetic moments indicated by the S-shaped behavior
in M vs B are naturally not captured by the low-field static
magnetic susceptibilities x, and y.. As sketched in the inset
of Fig. 7(b), the angle 6 characterizes the rotation of the
magnetic moment in the ac plane, whereas the actual rota-
tion plane of M might be approximated by the purple plane
illustrated in Fig. 7(b). Thus, 6 = 90° merely represents the
alignment of the magnetic moment in the ab plane. Taken
together, the weak ferromagnetic moments are predominantly
aligned along the ¢ axis when T > Tgg implying the spin
configuration I'4. For T < Tgr the magnetic moments rotate
from the ¢ axis to the ab plane which is consistent with the
I', phase. The completely i.e., in-plane, net moment agrees
very well to the net moment ||c just above Tsg [Fig. 7(a)].
The presence of such an uncompensated moment is likely
attributed to a canting of the predominantly antiferromagnetic
spin arrangement and in particular rules out the collinear an-
tiferromagnetic structure I';. On the other hand, the data also
suggest a tiny remaining moment |c¢ as demonstrated by the
S-shaped behavior of M (B||c), thereby indicating deviations
of I',. Moreover, the in-plane net moment direction deviates
by ~60° from the b axis. These observations do not agree
to the pure I'; case. Hence, our data imply the necessity to
reassess the recent controversy whether, at low temperatures,
SmCrOj3 exhibits the collinear spin configuration I'; [41] or
I'; [38,65]. While our data clearly rule out I'; even at low

and Bl|c (black circles). The sketch illustrates o (shown by open
squares), 6 and M. Vertical dashed lines mark the SRT and Ty;.

temperatures, the results are also inconsistent with the pure
I', representation. Additional measurements, such as neutron
diffraction on single crystals, are required to clarify this issue.
In addition, our single-crystal data imply that the in-plane
direction of M is in between a and b but rotates slightly (by
~10°) when long-range order of the Sm>* finally evolves
[see Fig. 7(b)].

C. Magnetic phase diagrams

Clear anomalies in the field and temperature dependence
of the magnetization allow us to construct the magnetic phase
diagrams for magnetic fields applied along the different crys-
tallographic axes. This is illustrated for selected temperatures
in Fig. 8 where for Blla and B||c, respectively, the mag-
netization features a jumplike increase as also indicated by
the peak in isothermal magnetic susceptibility. At T = 25 K,
magnetic fields B||c induce a small ferromagnetic moment at
B. ~3.9T [Fig. 8(a)]. For T > Tsg, we do not observe such a
feature for B||c. We associate the anomaly with field-induced
SR towards the c¢ axis, i.e., the transition from AF II to AF L.
However, similar features are seen for B||a for Tsg < T < Ty
as illustrated by the example in Fig. 8(b). This is shown for the
whole temperature regime in Figs. 9(a) and 9(b), which shows
that B, is increasing on heating above Tgg to a maximum of
nearly 5 T, at around 55 K, while again decreasing up 7x.
On the other hand, B, continuously increases towards lower
temperatures and leaves the accessible field range below 8 K)

[Fig. 9(c)].
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FIG. 8. Isothermal magnetization and differential magnetic sus-
ceptibility for (a) Bl|c, at 25 K (< Tsr; AF II), and (b) for Bl|a, at
50 K (> Tsr; AF I). Anomalies are associated with field-induced
SRT. B, and B, are the transition fields, and AM is the associated
jump in magnetization.

The magnetic phase diagrams for B||la and B||c are con-
structed from the zero field data in Sec. III B and the critical
fields, B. and B,, as shown above. In addition, our magne-
tization measurements allow us to follow 7y(B) and T, (B)
as shown in Fig. S4(a) of the SM [31]. The resulting phase
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FIG. 9. Isothermal magnetic susceptibility dM/0B at various
temperatures for [(a) and (b)] B||a and (c) B||c. The temperature evo-
lution of the SRT is indicated by dashed arrows. dM /9B measured in
the VSM magnetometer (7 < 20 K) have been scaled to the SQUID
data (T > 20 K) such that the anomaly heights at 20 K coincide.
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FIG. 10. Magnetic phase diagram of SmCrO; for (a) B||c and
(b) Blla. (See data for B||b in the SM) Insets in (b) highlight the
regimes around 35 K and 7x,(B). PM: Paramagnetic phase; AF I:
AFM phase with net magnetic moments along the ¢ axis (I'y); AF
IT and II": AFM phases with net magnetic moments within the ab
plane; AF III: AFM phase with ordering of Sm** moments. Labels
of the phase boundaries (T, Tsr» Tcomp» In2» Ins, B*) are explained in
the text.

diagrams are presented in Fig. 10. In addition to the fea-
tures discussed above, we also note a steep phase boundary
Tns3(Blla) as indicated by anomalies in M(T, Blla > 1.5T)
(see Figs. 10 and 12). For B||b, the magnetic phase diagram
is similar to what is found for B||a and shown in Fig. S4 of
the SM [31]. In the following, we discuss the main findings of
the obtained phase diagrams.

For B||c, we observe an increase of Ty in the whole
field range under study. The positive slope d7n/0dB agrees to
the fact that the evolution of phase AF I is associated with
an increase of magnetization. The absence of pronounced
anomalies in magnetic susceptibility for B L ¢, on the other
hand, agrees to the fact that Ty is rather independent on
Blla and B||b (see Fig. 10(b) and S4 of the SM [31]).
Quantitatively, the slope of the continuous phase boundary
[63,66] is linked to the associated jumps in the heat capacity
(Acp) and the temperature derivative of the magnetization
[A(OM/AT)|g] as given by the Ehrenfest relation:

0Ty _ . AGM/OT)

- 2
9B N A @
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FIG. 11. Dependence of magnetization anomaly AMgg at the
SRT (AF I <> AF II) extracted from the data as illustrated in Fig. 8
and associated entropy jump ASsg obtained by means of Eq. (3) on
(a) the magnetic field B||c and (b) on the temperature, at different
B||c. Dashed lines are guides to the eye. Green data markers show
ASgr from the specific heat measurement.

From Fig. 3 we obtain the jump in 0M /9T, at B=0.01'T
of 9(5) x 107* pug/fu. for B||c, and 15(3) x 1072 ug/fu.
for B||a. Using the experimentally determined jump in the
specific heat Ac, from Fig. 4, Eq. (2) yields 07Tx/0B)c =
0.17(13) K/T and 97n/0B)j. = 3(1) mK/T. This agrees to the
observed negligible slope d7x/9B), and, within error bars, to
0Tn/0B)c 2~ 0.28(5) K/T derived from the phase diagrams in
Fig. 10.

First-order nature of the spin-reorientation transition

In the literature, there is a controversy about the nature
of the SRT in SmCrO;. Based on polycrystal samples, Sau
et al. [39] reported that the SRT appears in two steps, i.e., a
continuous rotation followed by a discontinuous jump, with
the former being of second-order and the latter of first-order
nature. As shown in Figs. 4 and 3, distinct and single anoma-
lies in our zero field measurements on the single crystal at
hand do not support a two-step scenario. The one-step sce-
nario is further corroborated by the following thermodynamic
considerations: As shown in Fig. 10, magnetic fields B||c yield
a monotonous suppression of Tgg, i.e., AF I is stabilized over
the spin-rotated low-temperature phase AF II. Microscopi-
cally, this is associated with rotation of the weak net magnetic
moments of the canted Cr’* sublattice from the ab plane (AF
II) to the c axis (AF I). For a discontinuous phase transition,
the slope of the phase boundary is governed by the jumps in
magnetization (AMsg) and in the entropy (ASsr) as described
by the Clausius-Clapeyron equation [63]:

0Tsr _ AMSR. 3)
B ASsr

The measured slope of the phase boundary Tsr(B||c) and
magnetization jumps AM hence enable us to calculate the as-
sociated entropy changes. The temperature and magnetic field
dependence of the experimentally obtained anomaly sizes
AMgy and the by Eq. (3) calculated entropy jumps are shown
in Fig. 11. Extrapolating the results ASsr(B||c) in Fig. 11 to
zero field in particular yields ASsg = 0.045(10) J/(mol K)
which nicely agrees to the experimentally measured entropy

jump of ASsg = 0.047(1) J/(mol K) derived from the specific
heat data in Fig. 4 (see the green data point in Fig. 11).

The fact that the entropy jump calculated by the Clausius-
Clapeyron equation quantitatively agrees to the experimen-
tally measured discontinuity confirms the measured data and
in particular verifies the discontinuous nature of the SRT. We
hence exclude the suggested two-step scenario for B =0 T.
In addition, Fig. 11 shows that on application of B||c both
AMsgr and ASgg strongly increase. This implies that magnetic
order in AF I is stronger suppressed in favor of the larger
magnetization M, than in AF II.

Tricritical and triple point for B||a

In contrast to the monotonous and rather constant suppres-
sion of Tsr(B||c), AF I forms a dome in the phase diagram if
B is applied along the crystallographic a direction (the same
holds for B||b, see Fig. S4 in the SM). As shown in Fig. 10(b),
AF 1 is stabilized with respect to AF II' for T 2 70 K while
being suppressed below and completely vanishes at Tsr(B =
0T) = 33 K. However, the behavior for B||a is rather complex:
At temperatures around ~36 K, the transition AFII' <> AF I is
associated to a jump in M /9B and, for B||a 2 2 T, a kink in
M(T) (see Figs. 9, S8, and S12) which implies its continuous
nature while we recall the discontinuous transition AF II <>
AF I at Tsr(B = 0 T). The continuous nature of the AF I/AF
IT' phase boundary is further confirmed by clear failure to
describe the slope Tsr (B||a) by means of Eq. (3) if anomalies
are interpreted as discontinuities.

In addition to this continuous-type phase boundary sep-
arating AF I and AF IU, for B|la > 1.5 T we observe a
small jumplike increase of M(T) which is nearly indepen-
dent on B [Fig. 12(b)]. Our data hence indicate a triple
and—as the jump implies the first-order character of this
AF II/AF II' phase boundary—a tricritical point at ~34 K
and Bl|a >~ 1 T separating phases AF I (moments ||c), AF II
and AF II'. Both latter phases are characterized by moments
in the ab plane, with a slightly larger net moment along
ain AFII.

The transition from AF II' to AF 1I is associated to finite
entropy changes which lower limit can be derived utilizing
the anomaly in M and the slope d7n3/9B using Eq. (3). For
example, the magnetization jump at Tn3(3 T) is of the order
of AMn3 ~3 x 107 up/f.u. The steep slope of Tnz(Blla)
analyzed by means of Eq. (3) hence implies ASn; = 20
mJ/(mol K).

Magnetization compensation and order of Sm** moments

While the Sm*" sublattice remains paramagnetic (but po-
larized by the crt sublattice) at Ty, ordering of the 4f
moments has been reported at Tx, >~ 4 K as deduced from
thermodynamic and neutron data [37,38,67]. However, while
neutron data at 1.5 K have shown the presence of long-range
Sm>* magnetic order, the transition was previously [37] asso-
ciated with a broad hump in the specific heat similar to what
is seen in our data (Fig. 4). Such a broad hump is, however,
not a typical signature of a thermodynamic phase transition
but usually signals the expected Schottky contribution so that,
in contrast to Ref. [37], we do not consider it evidencing
T\ . Contrarily, we conclude that the evolution of long-range
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Tsg and the phase boundaries between AF I, AF I, and AF II. Labels match those in the phase diagram Fig. 10. For additional data see

the SM [31].

magnetic order of the Sm>* sublattice from the AF II phase
(where Sm*" moments are highly polarized) is not associated
with significant entropy changes and cannot be detected in
the specific heat data against the background of the Schottky
peak. In an attempt to estimate an upper limit of the expected
specific anomaly by exploiting Eq. (2), we find AcgN2 ~ 60
mlJ/(mol K) which is clearly indistinguishable from the strong
Schottky anomaly dominating the total specific heat at Tx»
(see Fig. 4).

A characteristic feature of long-range Sm>* magnetic or-
der, however, is visible in the temperature dependence of the
susceptibility which shows a small kink in y, and thus a peak
in dy,/0T [see Fig. 13(a)]. The kinklike feature confirms
the continuous nature of the phase transition. At B = 10 mT
(]|la), the peak in dx,/0T appears at Tx, >~ 3 K which we

interpret as the ordering temperature of Sm** moments. The
field dependence of Ty, can be followed by the characteristic
maximum in dx,/07 as shown in Figs. 13(a)-13(c)]. We
observe a suppression by ~1 K in Blla = 0.7 T while for
higher fields the peak is not observed (see also Figs. S16 and
S17 of the SM [31]). The isothermal magnetization M (B||a) is
dominated by the small hysteresis around B = 0 T. However,
we observe small additional peaks as illustrated by the data
taken at T = 400 mK in Figs. 13(d) and S10. Specifically, we
observe a tiny hump in dM/9B both in up and down sweeps
which agrees to the phase boundary Ty,(B||a). While this
feature [labelled By in Fig. 13(d)] vanishes at 2 K, there is
a further anomaly [B* in Fig. 13(d); see the triangles in the
left inset of Fig. 10] which appears only after applying high
magnetic field in the opposite direction. It is present both in
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FIG. 13. Anomalies associated with Ty, (B): [(a)—(c)] Temperature derivative of the static magnetic susceptibility, d x,/dT for various fields
Blla axis, at low temperatures. Ordinates cover different scales for visibility. The dashed lines show 7y, at 10 mT. (d) Isothermal magnetic
susceptibility 0M /0B at T = 400 mK for B||a axis. The data illustrate a field sweep O T — 7T — —7 T — 7 T. Bx, marks a (nonhysteretic)
feature associated with the phase boundary of AF III. The anomaly at B* only appears after applying high magnetic fields of opposite field

direction. For the full sweep see Fig. S10 in the SM [31].
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AF IIT and AF II (see Fig. S11 of the SM). The origin of this
anomaly in unclear.

The resulting data points down to 400 mK enclosing the
low-temperature phase AF III are summarized in the inset of
the phase diagram in Fig. 10(b). In the low-temperature phase
AF 1II, both magnetic sublattices develop long-range mag-
netic order in agreement to the neutron data from Ref. [37]
obtained at 1.5 K in zero magnetic field. The behavior for B||c
is less clear: Although for B = 10 mT applied ||c we observe
a slightly broader peak in dx./d7T at 3 K as well, this feature
disappears already at 50 mT so that the phase boundary cannot
be distinguished anymore (see Fig. S17 in the SM).

An additional notable feature of materials with inequiv-
alent sublattices is the potential for a compensation point
which appears in SmCrO; at Teomp = 6 K. It is induced by
the antiparallel alignment of R3* and transition metal ion
M3 magnetic moments, as demonstrated, e.g., in GdCrO;
(Teomp = 144 K, 100 Oe) [68,69], ErFeOs (Teomp = 46 K,
100 Oe) [70,71], SmFeO3 (Teomp = 3.9 K, 300 Oe) [24,72],
NdFeO3 (Teomp = 7.6 K, 100 Oe) [23], or n a-Cr3(PO4);
(Teomp = 5 K, 1000 Oe) [73]. A theoretical approach by Yam-
aguchi describes interactions between R3* and Cr** moments
by a temperature-dependent anisotropic effective field acting
mainly on the Cr** moments and following the direction
of the net magnetic component of the Cr3t sublattice [26].
Application of external magnetic field yields a competing
energy scale to the temperature-dependent internal field which
explains the observed complex field dependencies typically
observed in two-sublattice systems such as Dy, sPrgsFeO3
[74], YFeOs [75], GdFeOs [76], or ErCrOs [77].

IV. SUMMARY

We present the high-pressure optical floating-zone growth
of SmCrOs single crystals and the investigation of SmCrO3
magnetic phase diagrams. This study reports, for the first
time, the experimental parameters for the growth of SmCrO3
single crystals using the floating-zone method. Access to
high-quality single crystals enables us to study the magnetic
phase diagrams for the different field directions and to clarify
the complex magnetism in SmCrOj arising from the interplay
of anisotropic 3d and 4 f magnetic sublattices.

Long-range order of the sublattices appears at Ty = 192 K
and Tx, = 3 K, respectively. In contrast to previous reports on
polycrystals, our single-crystal data imply a discontinuous and
one-step spin-reorientation of net magnetic moments from
the ¢ axis into the ab plane at zero magnetic field at Tgg =
33 K. Its discontinuous nature is maintained if B is applied ||c

axis. Our analysis indicates that the spin configuration is I'y
for T > Tsgr, while it is dominated by I'; for T < Tsg. Our
single-crystal study in particular rules out that the collinear
antiferromagnetic structure I} may be realized in AF II below
10 K as reported in Ref. [41] but confirms a considerable
uncompensated moment in the spin-reoriented phases AF II
and AF III. While the presence of a net magnetic moment in
principle is consistent with the I', configuration as suggested
in Ref. [38], we find clear deviations from the I'; behavior. In
addition, while the size of the net magnetic moment decreases
on cooling below ~20 K, the interplay of the two magnetic
sublattices also results in a temperature variation of the in-
plane net magnetic moment at Ty, when long-range Sm>*
magnetic order evolves and the AF III phase is established.
For AF 111, our data suggest but do not unambiguously prove
the presence of a small remaining moment ||c; the observation
that the in-plane angle « is still finite, however, suggests that
the I', configuration not realized in AF III either.

When applying finite magnetic fields, notably, we find a
triple point as well as tricritical behavior for B||a axis which
further highlights the complex interplay of anisotropic mag-
netic moments in SmCrOj3. The magnetic phase diagrams of
SmCrOs; for fields along all crystallographic directions down
to 0.4 K and up to 14 T provide a crucial foundation for future
detailed investigations of the complex magnetic interactions
and magnetoelectric coupling in orthochromites.
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