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The magnetic field-dependent transport of Prg.sCap.4MnOs has been investigated to expose the
field-induced melting of orbital ordering. The critical field and critical temperature for the melting
of the orbital ordered state depend on the orientation of the applied magnetic field, seemingly
independent of the nature of the magnetic phase. The crystalline c-axis is the hard axis of the
field-induced melting, but in-plane anisotropy also exists, correlating with the anisotropic CE-type
orbital-ordered structure. These findings demonstrate that the anisotropic melting coincides with
the orbital ordering anisotropy thus indicate a strong spin-orbital coupling.

PACS number(s): 71.30.+h, 73.22.Gk, 75.47.Gk

I. INTRODUCTION

In many transition metal oxides (TMOs), the exhibited
functionality is closely related to the synergetic interac-
tions between simultaneously active degrees of freedom-
charge, lattice, orbital, and spin. One intriguing phe-
nomenon is orbital ordering observed in several TMOs'
(such as perovskite manganites) in which antiferromag-
netic insulating (AFI) state is normally accompanied by
orbital ordered (OO) phase. The AFI-OO phase can be
thermally driven either into an orbital-liquid and ferro-
magnetic metallic (FMM) state or directly into a para-
magnetic insulating phase (PMI), depending on doping
concentration.? In the latter case, the antiferromagnetic
(AF) to paramagnetic (PM) transition may occur at
lower temperature (T') than the OO phase transition.®*
The insulating OO phase can also be destroyed by a
magnetic field, resulting in a concurrent first-order field-
induced melting of OO state and metal-insulator tran-
sition (MIT).5% The occurrences of these phase transi-
tions indicate an unusual spin-orbital interaction,' but
currently it is unclear how the magnetic field causes the
melting. Presumably, the application of magnetic field
tends to align the Mn ¢y, spins, which leads to an in-
crease in the transfer integral of e, electrons between
Mn3*t and Mn*t ions through double exchange inter-
action. Once the kinetic energy of the charge carriers
dominates over the OO instability, the field induced de-
struction of OO takes place.” The above mechanism that
accounts for the magnetic field induced melting of OO
seems to be only relevant to the spin exchange interac-
tion which does not necessarily involve spin-orbital cou-
pling. Experimentally, it is evident that the formation of
0O state induces an anisotropic optical electronic tran-
sition.®? Hence it is speculated that the orbital degree of
freedom effectively controls the interplay between double-
exchange and superexchange interactions such that has
an intimate relationship to both charge and spin dynam-

ics in the system. However, how spin-orbital coupling
manifests itself in the formation of OO state and the
field-induced melting is still unclear.

In this Letter, we report the observation of anisotropic
behavior of field-induced melting of the OO state, as a
function of field and temperature, in a prototype man-
ganite Pr;_,Ca,MnO;3 (z = 0.4), especially above the
Néel temperature (Tn). The critical temperature and
critical field for melting the OO state depend on the ori-
entation of the applied magnetic field, independent of
the nature of the magnetic phase. These results pro-
vide experimental evidence reflecting the broken symme-
try of the OO superstructure, and the involvement of
spin-orbital coupling in the magnetic field induced OO
melting process is also confirmed.

Figure 1a displays the crystal structure of these three-
dimensional perovskites, R;_,A,MnO3 (R = trivalent
rare-earth ion; A = alkali earth ions). In this study R
is Pr and A is Ca. Ideally the structure would be sim-
ple cubic but Jahn-Teller distortions reduce symmetry
by transforming simple cubic to orthorhombic structure,
such that one of the Mn-O bond lengths in the basic
building block of MnOg octahedron is different than the
other two in the MnO3 basal plane (i.e., ab-plane). Given
the existence of anisotropic crystal structure, a two-
dimensional CE-type layered OO state is often observed
in these materials as shown in Fig. 1b. Based upon the
conventional picture!® for half-doped narrow-bandwidth
manganites (z = 0.5), nominally Mn®* and Mn?" ions
occupy alternative lattice sites forming a checkerboard
pattern in the MnOs basal planes (the ab-plane in Fig. 1b
and 1d). A staggered ordering of the nominal Mn3™ elec-
tron between the two e, orbitals (ds,2_,2 and dsy2_,2)
corresponds to the wave vector (m, m, 0) in the pseudo-
cubic notation.>*'% Such a CE-type orbital ordering also
persists in the manganites away from half-doping region
(z < 0.5),911715 resulting in either a Mn3T /Mn** charge-
ordered but phase-separated ground state or a charge-



disproportionated homogeneous OO ground state. In the
latter scenario, the possible charge order is described as
alternating Mn®®+t%and Mn®°~9 structure where § de-
notes the amount of charge disproportionation in Mn va-
lence.'3 In Prg ¢Cag.4MnOs3, the charge order is believed
to drive OO below Tpo,* and applying a magnetic field
will destroy the charge order along with 0O.6

Spin- and orbital-ordering in the CE-type OO state
exhibits anisotropic behavior within the ab-plane as well
as along the c-axis.>*10 In the CE-type OO state, the e,
orbitals lie in the ab-plane thus having an in- and out-
of-plane anisotropy (Fig. 1c). The e4 orbital shows a
striped behavior along a-axis but a zigzag chain behav-
ior along b-axis of ab-plane as shown in Fig. 1d. In the
orthorhombic unit cell notation this results in additional
in-plane anisotropy with reduced Coy symmetry. Below
the Neel temperature Ty, which is usually lower than
the OO transition temperature Tpo, the spins of local-
ized ty4 orbitals at Mn sites are ordered ferromagnetically
along zigzag chain path (along b-axis) but antiferromag-
netically between the chains (along a-axis), thus forming
globally AFT state in plane (Fig. 1b). In the AFI-OO
state the spins are aligned parallel or antiparallel to the
c-axis. But as the temperature is lowered the spins ex-
hibit gradually canting towards the b-axis and eventually
form a long-range canted antiferromagnetic magnetic or-
dering with the same OO structure as in the AFI-OO
phase, thus referred as CAFI-OO phase.!” Whether spin
ordering in the ground state is AFI or CAFI depends
on doping level.> One can anticipate that, if there is a
strong coupling between spin and orbital degrees of free-
dom, such an OO superstructure should give rise to the
anisotropy of the electron-transfer interaction, thus re-
sulting in anisotropic transport responses to the external
field.

Pr;_,Ca,MnO3 exhibits different OO ground states
for a wide doping range (0.3 < x < 0.7).18 For the pur-
pose of this study, a homogeneous OO state is preferred
therefore the best doping level would be x = 0.5. How-
ever, the magnetic field required to melt the OO state
in the z = 0.5 sample is higher than 20 tesla (T),”
thus it is technically difficult to conduct the magneto-
transport experiments. Fortunately, it has been demon-
strated by neutron diffraction that the x = 0.4 sam-
ple, which has lower critical field for the melting, ex-
hibits a homogeneous CAFI-OO ground state described
as an charge disproportionation scenario.®'® Given the
similarities between the CAFI-OO and AFI-OO phases
we can expect no phase separation in the AFI-OO
phase. Prg¢Cag.4MnQOg3 exhibits orthorhombic structure
at room temperature (Fig. la). By lowering the tem-
perature, the CE-type OO state sets in, and the lattice
experiences a structural transition across Tpo by reduc-
ing lattice constant in c-axis while increasing those in
ab-plane!” but no change in symmetry.
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FIG. 1. (Color online) (a) Model of the orthorhombic crystal
structure of Prg.¢Cag.4MnQOs, where the MnOg octahedra are
presented. (b) Schematic spin and orbital structure in the
ideal AFM CE-type OO state, where the ordered ey orbital
lobs associated with the Mn®* ions are shown in contrast
to the Mn*" ions (light grey spheres). (c) Side and (d) top
view of eg-orbital ordering. The thick zig-zag lines represent
double-exchange interaction chains.

II. EXPERIMENTAL DETAILS

The single crystal of Prg.¢Cag.4MnOj3 investigated here
was grown by the floating-zone method. Polycrystalline
samples with nominal composition of PrggCag4MnOg
were prepared by the solid state reaction method. The
as grown single phase powders were then hydrostatically
pressed into feed and seed rods that were sintered at
1450 °C for 48 h. The crystal growth was carried out
in an optical floating-zone furnace (Crystal Systems Inc.,
ZT-10000-H-VI-VP) equipped with four 1000 W halogen
lamps and ellipsoidal mirrors. A single crystal was grown
with 80 percent power supply under one atm oxygen pres-
sure. The rods rotated at 25 rpm in opposite directions,
and the typical growth rate was 3 mm per hour.

The crystal structure was characterized with X-ray
diffraction. The crystal was confirmed having a single
phase of distorted perovskite with a Pbnm orthorhombic
lattice structure. The as-grown crystal has twinned mi-
crostructures which were characterized with both Laue
and Synchrotron X-ray diffractions (the detailed results
are described in the Supplemental Materials). First,
back-reflection Laue X-ray diffraction was carried out to
determine the crystallographic direction of the sample.
Laue diffraction patterns showed no significant twinning
between the c-axis and ab-plane. However, due to the
small lattice contrast between a and b, severe twinning
exists in the ab-plane so that it is hard to distinguish the
a-axis from the b-axis. We have performed synchrotron
X-ray diffraction (BL14B at Shanghai Synchrotron Ra-



diation Facility, SSRF), and significant twinning in the
ab-plane was further confirmed.

The transport and magneto-transport were carried out
with a Physical Property Measurement System (PPMS,
Quantum Design) equipped with a motorized sample ro-
tator and a standard four-probe contact for the resistiv-
ity measurements. During measurement, the magnetic
field (H) is rotated within the plane that is always per-
pendicular to the current flow direction, so any changes
observed cannot be attributed to changes in the strength
of the Lorentz force. T-dependent magnetization was
measured by using a Magnetic Property Measurement
System (MPMS, Quantum Design).

IIT. RESULTS AND DISCUSSION

Figure 2a shows the T-dependence of the resistivity
and magnetization, which is consistent with reported re-
sults.19 2! The resistivity with zero field-cooling shows a
jump as the OO state emerges below Tpo = 235 K, then
steadily increases with further decreasing temperature
and exceeds the limit of our measurement blow 56 K. The
magnetization measurements also show response to OO
transition at Tpo as well as AFI transition at Ty = 160 K
and CAFT transition at Toap ~ 49 K. Thermal hysteresis
exhibited in the magnetization curves indicates the first-
order character of the OO transition. When in PMI phase
(T > Too), the magnetization (or magnetic susceptibil-
ity which exhibits Curie-Weiss behavior) is driven by FM
correlations. Due to the existence of double-exchange in-
teraction, such FM correlations persist at lower tempera-
tures which can be seen in the subsequent increase in the
magnetization curve. On the other hand, the AF correla-
tion, which is favored in the OO phase, prevails below Ty
and results in long-range AF ordering. The competition
between FM and AF correlations leads to different mag-
netic structures and strongly depends on the doping con-
centration. For Prg¢Cag 4MnOQOgs, the gap between Too
and Ty is ~ 75 K, thus providing a large temperature
window for studying the anisotropic field response from
OO state without long-range magnetic ordering.

Figure 2b presents the normalized T-dependent resis-
tivity for field-cooling with a magnetic field of H = 8.2 T
applied along the c-axis and in the ab-plane. The abrupt
increase of resistivity near 220 K indicates the formation
of OO state, showing lower OO transition temperature on
field-cooling than zero field-cooling (Fig. 2a). Moreover,
there is a small difference in the onset temperature of
0O state with different field orientations. With further
field-cooling, the resistivity shows a sudden drop below
107 K signifying the collapse of the OO state, but only
for the case where H is applied in the ab-plane. There is
no trace of field-induced collapse of the OO state down to
100 K for the field applied along the c-axis. This shows
unambiguously a field orientation dependent melting of
the OO state.

We have carried out a set of isothermal magnetoresis-

tance (MR) measurements at different temperatures. In
order to avoid the hysteresis issue, we cooled the sam-
ple from room temperature at zero-field and then per-
formed the field-dependent measurements at a fixed tem-
perature. The sample was always brought up to room
temperature before performing different isothermal MR
measurements. Figure 2c displays several isothermal MR
curves with H || c-axis and H || ab-plane, all above Ty.
When H || c-axis the curves for T' = 220 K show that the
OO0 state melts at a field of H., ~ 9.2 T, while the transi-
tion occurs at 10.7 T for 200 K and 11.2 T for 175 K. The
critical field H,, is always lower for fields in the ab-plane,
thus exhibiting melting anisotropy, regardless of the fact
that the system has no long-range spin ordering.

We observed that the critical field for OO melting
reaches its maximum value at 7"~ 175 K and gradually
decreases at lower temperatures as shown in Fig. 2d.
The isothermal MR curves for T'= 175 K is repeated in
Fig. 2d to set the scale. The curves for T' = 150 and
120 K show that H.,. has fallen to ~ 10.4, and to 9.3
T, respectively, for H || c-axis. It is worthwhile to note
that the base resistivity after the melting is very similar
for temperatures from 200 to 120 K but drops signifi-
cantly below 120 K (two orders of magnitude for 20 K
compared to 120 K) and the step of resistivity change
across the melting increases dramatically. At 20 K and
in the CAFI-OO state, the height of the step of resistiv-
ity change is at least 5 orders of magnitude larger than
that at 175 K and the difference of the critical fields be-
tween the two field directions (AH,,) is also larger. The
reduction in base resistivity is a result of the appearance
of FMM state at low temperatures and high fields. The
fact that the anisotropic behavior is larger in the CAFI-
OO state is counter-intuitive, since canting of the spins
in Fig. 1b should reduce the anisotropic behavior. Fur-
thermore, there is hysteresis between field-increasing and
field-decreasing at all measured temperatures below Too
(see the inset for T = 175 K), indicating the first-order
character of the field-induced melting.’

With the data presented in Fig. 2c and 2d we can plot
the phase diagram of the OO melting as a function of
temperature and magnetic field (see Fig. 3a). This type
of phase diagram has been reported previously,52° but
our emphasis is the anisotropic behavior exhibited as a
function of the direction of the magnetic field, and the
magnetic state. Given the large hysteresis in this system
it is essential to only compare our data with equivalent
field-increasing experiments. As the magnetic field in-
creases there is a slight decrease in Tpo from ~ 235 K
at H =0T to ~ 200 K at 10 T.” The OO state can-
not exist for a field greater than ~ 11 T independent of
the direction of the magnetic field. If this was a simple
phase diagram between AFI-OO phase and PMI phase
there would probably be nothing of interest happening
at lower temperatures after the field was high enough to
melt OO structure, but the PMI phase transfers directly
to a FMM phase with increasing field and decreasing tem-
perature.52° However, it is not clear where this boundary
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FIG. 2. (Color online) (a) T-dependence of the resistivity (zero-field cooling) and magnetization of Prg.¢Cao.4MnOs under H
= 0.1 T (applied in the ab-plane) showing thermal hysteresis (red and blue curves) measured after field cooling compared with
that after zero-field cooling (black curve which merges with blue one above 49 K). Too and T are indicated, respectively. (b)
Normalized (to 7' = 300 K) T-dependence of the resistivity (on cooling) with H (8.2 T) || and L c-axis, respectively. Isothermal
magneto-resistivity with increasing magnetic field along c-axis and in the ab-plane, respectively, for the selected temperatures

(c) above and (d) blow T' = 175 K. Both the critical field He, (

defined as the field value with the maximum of 22

%) and the

difference of the critical field between H || and L c-axis (AH.r) are indicated with arrows. The inset presents the resistivity
hysteresis between field-increasing and decreasing near the critical field range at 7' = 175 K. The current (I) for the resistivity

measurement is always perpendicular to the field direction.

is in the phase diagram. The dotted region in Fig. 3a is
what one would extract from the literature, but our data
for the resistivity above and below the OO transition in-
dicate a dramatic conductivity change in the region of
100 K for field-increasing experiments (Fig. 2d).

It is evident from the phase diagram that there is an ex-
pansion of the FMM phase into the AFI-OO phase as the
temperature is lowered.® What is really strange is that
the phase boundary in the CAFI-OO region (T' < Tcar)
turns back, with the critical field increasing with de-
creasing temperature. However, such “reentrant” behav-
ior does not occur in the case of field-decreasing, leav-
ing a giant hysteresis between field-decreasing and field-
increasing measurements.>%2° The boundary between
CAFI-O0O and FMM phase for field-decreasing follows
the slope of the boundary in the higher temperature re-
gion as sketched by dashed line in Fig. 3a.% Tomioka
et al.® point out that this could be a result of the decrease
in thermal fluctuations in the first-order phase transition.
In fact the hysteresis between field-decreasing and field-
increasing measurements becomes much more dramatic
in the CAFI-OO region.520

The T-dependence of AH.(T) is depicted in Fig.

3b. AH,..(T), which reflects the anisotropy of the field-
induced OO melting, seems to be independent of the na-
ture of the magnetic ordering in the OO phase. Only
above Ty does the anisotropy start to decrease and even-
tually disappear as T approaches Tpo. In order to
show more clearly such anisotropy, we plot the angle-
dependence of the normalized AH,, (i.e., 3= x 100%

HC'I"
= H”(fl)c:(lgggzﬂm) x 100%) for two temperatures, T' =

225 K above Ty in Fig. 3c and T = 60 K below Ty in
Fig. 3d, respectively. The angle € is defined as the angle
between applied field direction and c-axis of the crystal
(see the inset of Fig. 3). Clearly, the anisotropy of the
field-induced melting is qualitatively identical below and
above T, which is very strange behavior.

Given the in-plane CE-type OO structure shown in
Fig. 1d, one would also expect to observe in-plane an-
gular dependent MR. We have indeed observed in-plane
anisotropy in the OO state melting although weaker than
the out-of-plane one. Fig. 4a shows a small difference in
critical field H., between ¢ = 0° and 90° observed at
T = 225 K, where ¢ is defined as the in-plane rotation
angle between H and one of the in-plane high-symmetry
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FIG. 3. (Color online) (a) Phase diagram showing the mag-
netic field orientation dependent melting of the OO state
(from ordered to disordered transition) of Prg.¢Cao.4MnOs.
The dashed line indicates the boundary from disordered to
OO transition with decreasing field and the shaded area
sketches PMI - FMM boundary under high-field. (b) 7T-
dependence of AH,,. The solid curve is a guide to the eye.
Symmetrized plot of the normalized AH., (see the definition
in the text) at (c¢) T' = 225 K and (d) T' = 60 K, respectively,
based on the experimental data taken with 0° < 6 < 90°.
The inset shows the experimental configuration.

directions of the crystal (Due to the severe twinning in
the ab-plane, we are unable to clearly distinguish a- from
b-axis of the crystal. Therefore, a(b)/b(a)-axis is defined
as the direction in which the a/b-axis of majority of twin-
ning domains aligns). The angular dependent MR, at T
= 225 K with different field values close to in-plane H,,
is also measured and displayed in Fig. 4b. At a field
close to 7.65 T, there is irreversible resistivity drop with
rotating the magnetic field, signifying the melting of OO
state. As the magnetic field value deviates away from the
critical field one (such as H = 7.0 or 9.0 T), ordinary os-
cillatory angular dependent MR behavior is observed.??
We anticipate that the twining in the ab-plane (see the
Supplemental Materials) would average out much of the
in-plane anisotropy. What we observed in the isother-
mal MR curves (figure 4a) reflects the residual anisotropy
only. However, due to the first-order nature of the OO
melting, the twining exhibited in the ab-plane actually
does not affect our observation of anisotropic melting
behavior from the angular dependent MR measurements.
Similar in-plane anisotropy of the electronic response has
been observed with optical conductivity spectroscopy in
a half-doped manganite with layered structure.??3 Nev-
ertheless, both in-plane and out-of-plane anisotropy exist
in the system, correlated with the anisotropy of the CE-
type OO structure.

Several mechanisms for the formation of OO state have
been proposed, including anisotropic exchange interac-
tions,'324 strong electron correlation,?®2% and coopera-
tive Jahn-Teller type interactions.*'2 One can anticipate
that the transport strongly depends on the exchange in-
teractions which are subject to both spin and orbital ori-
entation between different Mn ions.»?” Applying an ex-
ternal field to the system should affect these exchange
interactions by altering the relative orientation between
spins and orbitals, thus resulting in magnetoresiatnce ef-
fect including field-induced melting of OO state.?® Hence,
a magnetic ordered OO state is expected to exhibit larger
melting anisotropy than its non-magnetic counterparts.

In our case, the melting anisotropy persists in both
AFI-O0 and PMI-OO phases. There is no difference
in melting anisotropy across T (see Fig. 3b). The T-
dependence of AH,, resembles the orbital order param-
eter* rather than AF order parameter. It does not seem
to be sensitive to the presence of any specific magnetic
order. In the temperature region Ty < T < Too, it is
believed that short range FM spin correlations and anti-
ferromagnetic spin interaction compete with each other,
and resulting a very strange paramagnetic spin state.
However, such short-range FM correlations or fluctua-
tions show strong doping and temperature dependence.
According to the results of neutron scattering,'®2° as the
doping level is larger than 0.35, the FM fluctuations are
strong in PM phase and then dramatically suppressed
below Tpo and vanish below T)y. Furthermore, the mea-
sured magnetic susceptibility of Prg¢Cag4MnO3 shows
no anisotropy above Ty.2!30 Hence the FM fluctuations
cannot be the driving force for the anisotropic melting.

One possible explanation for the appearance of field-
induced melting anisotropy without anisotropic mag-
netic ordering (T" > T case) comes from the strong
spin-orbital interaction. According to the generalized
Heisenberg-type model with spin-orbital exchange in-
teraction,?” the formation of OO state can be de-
scribed by a phenomenological Hamiltonian which rep-
resents the interactions between different ions: H =
Zi,j(‘]ij (Ti, Tj) S;- Sj + Kij (Ti, Tj)), where Jij and Kij
are the exchange interactions.?” The pseudo-spin (T) rep-
resents orbital orientation similar as spin (S) represents
magnetic moment orientation. In this way, one can con-
sider a long-range OO state of the orbital pseudospin T
as a long-range magnetic ordered state of spin S, thus
the field-induced melting of OO state can be treated as a
field-induced change of magnetic ordered state, due to the
strong coupling between the spin S and pseudospin T.
Any anisotropy in an OO state will generate anisotropy
in the melting of itself because the coupling depends on
the orientation of T. This seems to account for the field-
induced melting as well as the associated anisotropy even
without magnetic ordering or magnetic anisotropy.

Another possible contribution to the observed
anisotropy is magnetoelastic effect, which cannot be com-
pletely excluded in our data. In manganites, magnetoe-
lastic effects due to spin-lattice coupling result in mea-
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FIG. 4. (Color online) (a) Field-dependence of the isothermal (7' = 225 K) resistivity with ¢ = 0° and 90°, respectively. Inset
shows the experimental configuration. (b) Angle-dependence of the MR curves at 225 K with different values of the applied
magnetic field. The critical field H¢, and difference (AH.,) are marked by the arrows.

surable phenomena including transport responses. A
remarkable anisotropic magneto-transport between in-
and out-of-plane has been observed in orthorhombic
La;_,Ca,MnO3 due to anisotropic magnetoelastic re-
sponse to external field.?2 Indeed, the 2-fold oscillatory
MR behavior vs ¢ [see p(¢)/p(0) in Fig. 4b for H =
7.0, 7.8, 8.0, and 9.0 T] for the applied field far be-
low or above the critical value (H,,) should be related
to the magnetoelastic effect similar to these observed in
La;_,Ca,MnO3.22 As a result of the intimate coupling
between orbital occupation and lattice distortion, it is
very difficult to convincingly de-convolve the effects of
the anisotropic crystal structure from that of orbital or-
dering. In the measured temperature range (in both LT
OO phase and RT orbital disordered phase), the sys-
tem is in the same orthorhombic structure with crys-
talline anisotropy, thus could be the cause for the melt-
ing anisotropy of OO phase. On the other hand, given
the measured lattice constants at zero field for both the
high-T" orbital liquid phase (a = 5.4155 A, b = 5.4325A,
and ¢ = 7.6423A at T = 280 K) and low-T" OO phase
(a = 5.4310A, b = 5.4417A, and ¢ = 7.6022A at T
= 200 K),!7 the in-plane orthorhombicity (¢ = Z—I_Z| X
100% = 0.16% at 280 K and 0.10% at 200 K) is smaller
though the unit cell is more compressed along c-axis (7y
= (acfr;)/)i/z = 0.9963 at 280 K and 0.9888 at 200 K) in
the OO phase. Therefore, it seems unlikely that the lat-
tice anisotropy would be the primary driving force for
the observed anisotropy of field-induced OO state melt-
ing. However, as a result of the strong coupling between
orbital and lattice, we cannot rule out the effects of crys-

talline anisotropy.

IV. CONCLUSIONS

In summary, we have observed crystalline orientation
dependence in the magnetic field-induced melting of
the OO state in PrgCag.4MnQOgs single crystals. The
anisotropy of the field-induced melting is irrelevant to
the magnetic structure but coincides with the anisotropy
of OO structure. We explain the melting anisotropy
based on the anisotropic spin-orbital coupling due to
the anisotropic OO structure, though the orthorhombic
crystalline anisotropy is also involved owing to the
nature of the strong correlation between spin, lattice
and orbital degrees of freedom.
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