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Temperature and field-dependent magnetization M (H,T') measurements and neutron scattering study of a
single crystal CeSb. are presented. Several anomalies in the magnetization curves have been confirmed at
low magnetic field, i.e., 15.6 K, 12 K, and 9.8 K. These three transitions are all metamagnetic transitions
(MMT), which shift to lower temperatures as the magnetic field increases. The anomaly at 15.6 K has been
suggested as paramagnetic (PM) to ferromagnetic (FM) phase transition. The anomaly located at around 12
K is antiferromagnetic-like transition, and this turning point will clearly split into two when the magnetic field
H > 0.2 T. Neutron scattering study reveals that the low temperature ground state of CeSby orders antiferro-
magnetically with commensurate propagation wave vectors k = (—1,+£1/6,0) and k = (+1/6, —1,0), with
Néel temperature Tn ~ 9.8 K. This transition is of first-order, as shown in the hysteresis loop observed by the
field cooled cooling (FCC) and field cooled warming (FCW) processes.

PACS numbers: 71.27.+a

I. INTRODUCTION

The family of light rare-earth diantimonides RSby (R=La-
Nd) exhibits a remarkably rich variety of behaviors from su-
perconductivity in LaSbsy, charge density wave transitions in
PrSby, to anisotropic ferromagnetism in CeSby. CeSbs is a
well-known example of a complex sequence of several mag-
netic ordered phases [1, 2]. It becomes ferromagnetic at about
15.5 K, with the ordered moment oriented within the basal
plane, i.e., the easy magnetic direction is perpendicular to
the ¢ axis, and then undergoes two or probably three fur-
ther magnetic transitions at 11.5 K, 9.5 K and 6.5 K at zero
field [3, 4]. According to transport and magnetization experi-
ments in this compound, there appears to be more than 4 dif-
ferent magnetic phases, some of which are metastable. It is an
ideal material for the study of metamagnetism (MMT), which
may have a wide variety of technological applications [5] and
has attracted much attention following the study of the heavy
fermion systems CeRuySis [6, 7], URu2Siy [8], and CelrsSis
[9].

Several different interpretations have been proposed for this
phenomenon. For examples, Singh ef al. [10] explained the
MMT behavior due to the presence of competing positive
and negative exchange interactions. Some research showed
that MMT seems to be a crossover between different mag-
netic states rather than a real transition [11]. Another ori-
gin could be associated with the abrupt localization of the
f electron with a discrete change in Fermi surface volume.
In order to determine the electronic properties, Joyce et al.
[12] performed high-resolution synchrotron radiation photo-
electron spectroscopy for CeSby and found no indication of

Kondo-like behavior in the bulk properties. Later, the same
research group [13] showed dispersion of the near-Er pho-
toemission characteristics which cannot be described by the
single-impurity picture [14]. On the other hand, the electronic
band structure of CeSby can be strongly influenced by ap-
plying pressure. Kagayama et al. [15, 16] reported that the
MMT field was enhanced by pressure in CeSbs, and showed
some features that may be explained as enhancement in the
hybridization between the f electron and conduction electrons
by decreasing the atomic distance or the lattice parameters.

In spite of considerable effort devoted to the study of MMT
behavior, little consensus has been achieved about the mecha-
nism. Just as the crystal structure information is absolutely
significant for understanding the physical properties of the
crystals, the spin configuration or the magnetic structure in-
formation is necessary to understand the magnetic properties.
However, to our best knowledge, no detailed magnetic struc-
ture as well as the competing interactions in CeSby has been
reported.

In this work, in addition to the detailed study of the temper-
ature and field-dependent magnetization M (H,T'), we per-
formed neutron scattering experiments of CeSby to study the
magnetic ordering at low temperature. Single crystal neutron
diffraction led to the observation of antiferromagnetic peaks
described by the propagation vectors k = (+1/6,—1,0) and
k = (—1,£1/6,0), with the Néel temperature Ty ~ 9.8 K.
Our results confirm the previous prediction [1] that antifer-
romagnetic exchange is important in CeSby, and this study
might be essential for the understanding of the MMT be-
haviour.



II. EXPERIMENT AND ANALYSIS

According to previous structure studies [17, 18], CeSbs
crystalizes in orthorhombic structure (space group Cmece,
No.64), with the experimental and calculated lattice param-
eters listed in Table I. Density functional theory (DFT) calcu-
lations were carried out by using the Vienna ab initio simula-
tion package (VASP) [20, 21], with the frozen-core projector
augmented wave (PAW) method. We used GGA descriptions
for the exchange-correlation functional, with the cutoff energy
of 500 meV in a plane-wave basis expansion. The k-point
meshes in the Brillouin zone (BZ) are sampled by 13x13x4,
determined according to the Monkhorst-Pack scheme. The
equilibrium volume (1)) is determined by a least-squares fit
of the total energy-volume (E-V') curves to the third-order
Birch-Murnaghan equation of state [22],
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with Ej being the equilibrium energy and Bj, the pressure
derivative of By.

In this work, both nonmagnetic (NM) and ferromagnetic
configurations were tested. The total energy for the FM con-
figuration is indeed lower than that of the NM configuration,
i.e., in the ground-state a FM state is favored. With the FM
configuration, the magnetic moment obtained is about 0.6
np/Ce. Compared with the previous X-ray experimental re-
sults [17-19] as well as this neutron scattering study, the cal-
culated lattice parameters a, b, ¢, and the ¢/a axial ratio show
good agreements.

A. Magnetization measurement

High quality single crystal CeSbs was grown using the self-
flux method [4]. The crystals grow as soft plates, with ¢ axis
perpendicular to the plate. Magnetization measurements were
performed using Quantum Design PPMS DynaCool instru-
ment, with the magnetic field applied parallel or perpendicular
to c axis of the crystal, respectively.

Figure 1 shows the magnetic susceptibility versus tempera-
ture T' (2 K< T < 20 K) curves measured at different mag-
netic fields (0.01 T< H <1.8 T) with H L c. The sample was
first cooled in zero-field down to the lowest temperature 2 K
and then the magnetic field was applied. These data are de-
noted as zero-field cooled (ZFC) data. The low temperature
behavior of CeSbs is quite complicated with several phase
transitions clearly visible in the magnetization curves. At
H=0.01 T, a suggested paramagnetic to ferromagnetic phase
transition is observed at T =15.6 K, in good agreement
with previous magnetization measurements [1, 2, 4], as well
as specific heat curves with a sharp A peak [3, 19]. As the
magnetic field increases, this transition will gradually shift to
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FIG. 1: (Color online) Magnetic susceptibility of CeSb. in external
magnetic field H L ¢ with H = 0.01, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5,
0.6,0.8,0.9, 1.2, 1.4, 1.6, 1.8 T over the temperature range 2 K—20
K. These are ZFC data described in the text.

lower temperatures. For examples, at H = 1.8 T the transition
temperature falls to Tc =13.1 K.

As the temperature is further reduced, for H <0.1 T, only
one clear broad maximum centred around 12 K is observed
as indicated in Fig. 1, which seems to be antiferromagnetic
phase transition. It can be reflected in the specific heat curves
as a round-shaped peak at ~9.5 K and a small X peak at ~12
K [3, 19]. As the magnetic field increases, this unique broad
maximum at around 12 K in the ZFC susceptibility will grad-
ually split into two humps (located at ~9.8 K and ~12 K, re-
spectively) and both of them will shift to lower temperatures.
It has been confirmed by neutron scattering that CeSby, is anti-
ferromagnetic ordering below 9.8 K, which will be described
below.

Except for these transitions, at low magnetic field H < 0.1
T, the ZFC magnetic susceptibility curve exhibits another
hump feature around " = 5 K, which can be also found in ear-
lier measurements [2, 4]. This feature will be suppressed by
increasing magnetic field, and the peak position will slightly
shift to a lower temperature. However, for this hump, no cor-
responding anomaly can be observed in the specific heat mea-
surements [3, 19]. It may suggest the developing of some fur-
ther complicated spin-spin correlations among Ce ions with
decreasing temperature.

Figure 2 shows the magnetization M versus 7' curves for
CeSby, at selected magnetic fields. The field cooled cooling
(FCC) data was collected during cooling down process from
high temperature to lowest temperature 2 K in field, and af-
ter then the field cooled warming (FCW) data was collected
as the temperature increasing again to high temperature. We
focus on the interesting features at around 12 K, i.e., single
broad peak at low magnetic field H = 0.01 T but two-peak
structure at higher magnetic field 7" > 0.2 T. It is unambigu-
ously shown in Fig. 2 that there exists a thermal hysteresis
between FCC and FCW data, which reveals that this transi-
tion is of first order.



TABLE I: Experimental and optimized lattice parameters (a, b, ¢ in A), the ¢/a
ratio, and the equilibrium volume (Vp, in AB) of CeSb,. The magnetic calcula-
tion was performed for ferromagnetic alignment only.

M (emu/q)

FIG. 2: (Color online) Magnetization (M) versus temperature (1)
plots for CeSb, in external magnetic field H L ¢ with H = 0.01,
0.25, 0.4, 0.6, 0.8 T over the temperature range 2 K—20 K. The solid
lines denote FCC data, the faded lines denote FCW data, and dotted
lines denote ZFC data described in the text.

The anisotropic susceptibility of CeSbs is presented in Fig-
ure 3, which is in good agreement with the previous results
[1, 2], with ¢ axis the hard magnetization axis. This remark-
able magnetic anisotropy in CeSby may be governed by the
combination of the crystal field effects [2] and the hybridiza-
tion effect of the 4 f wave functions with conduction electrons
[23].

Further insight into the magnetic behavior may be obtained
from the isothermal magnetization. Figure 4 shows the mag-
netization curves as a function of field (0 T< H <4 T)in a
temperature range from 2 K to 13 K, where clear metamag-
netic transitions are evident for all temperatures. The meta-
magnetism is broadened as the temperature increases. Each
of the M (H) curves was measured with both increasing and
decreasing magnetic field. For 7' <10 K, M(H) is hys-
teretic and saturates gradually with increasing H with M (2

a (A) b(A) c(A) c/a Vo (A%
X-ray at 300 K [17] 6.295(6) 6.124(6) 18.21(2) 2.893 703.20
X-ray at 300 K [18] 6.28-6.30 6.13-6.15 18.24 2.895-2.9 705.60
X-ray at 300 K [19] 6.28709(15) 6.16676(13) 18.2425(3) 2.902 707.28
X-ray at 80 K[19] 6.27043(16) 6.15017(13) 18.2126(3) 2.905 702.35
Neutron at 2.5 K 6.21(4) 6.17(1) 17.991(1) 2.897 689.03
DFT-NM 6.276 6.188 17.76 2.83 689.70
DFT-FM 6.296 6.2 17.765 2.82 693.82
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FIG. 3: (Color online) Magnetic susceptibility of CeSb; in external
magnetic field H = 0.01 T over the temperature range 2 K—20 K,
with H L ¢ (solid lines) and H//c (dotted lines), respectively.

K)= 1.37up/Ce. The step-like changes of magnetization or
the plateau behaviors exhibited in the M (H ) curves may show
different spin-ordering processes like spin flips or rotations
occurring with increasing H.

Attemperature ' =2 K, several plateaus were observed and
at the first plateau M /M, = 0.18 which is quite close to the
value of 1/6. There are four clear anomalies appearing in the
corresponding field derivative of the magnetization dM/dH at
H=091,14,235and 3.5 T.

Based on the measurements of magnetization as a function
of temperature 7" and magnetic field H (Figures 1 — 4), a ten-
tative H-T phase diagram for CeSby for one direction of the
magnetic field H | ¢ may be constructed, as shown in Figure
5. The phase diagram is really complex with four magneti-
cally ordered phases labeled as -1V, indicating the existence
of many competing interactions in CeSby. As described above
that for H < 0.1 T, there is only one broad hump located at
about 12 K, which suggests that the phases I and II may be
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FIG. 4: (Color online) Isothermal magnetization (M) versus mag-
netic field (H) plots for CeSby single crystal in temperature range
from 2 K to 13 K, with H L ¢. Based on the curve for T=13 K, the
other curves for 7' = 2, 4, 6, 7, 8, 11 K are shifted above by a step
0.25 between each other for a better view.
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FIG. 5: (Color online) A proposed T-H phase diagram for CeSbo
with H 1 c.

hardly distinguished at low magnetic fields.
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FIG. 6: (Color online) Difference (3.7 K—20 K) neutron diffrac-
tion pattern of single crystal CeSb, measured at DNS with z-spin
flip mode. Magnetic satellites are observed at (—1,+1/6,0) and
(+£1/6,—1,0). The appearance of a second set of magnetic peaks
with A and k flipped can be explained easily by the C'mce structure
with a & b making it a pseudocubic structure where the large sample
size favors the existence of domains rotated by 90° against each other
along the common c axis. This has no influence to the temperature
dependence of the magnetic peaks studied in this work.

B. Commensurate magnetic ordering studied by neutron
scattering

In order to understand the magnetic properties in CeSbg,
neutron scattering measurements were performed to deter-
mine the propagation vector at low temperature. The sam-
ple measured is approximately 8 x 8 mm? in-plane dimensions
and 0.3 mm thickness. Single crystal neutron diffraction ex-
periments were performed on the Diffuse scattering neutron
time of flight spectrometer DNS [24] and the cold neutron
triple-axis spectrometer PANDA [25] at Heinz Maier-Leibnitz
Zentrum (MLZ) in Garching, Germany. Figure 6 shows the
difference (3.7 K—20 K) neutron diffraction pattern of single
crystal CeSby measured at DNS with z-spin flip mode. Mag-
netic satellites appearing around the systematically-absent
spots (—1,0,0) and (0, —1,0) are clearly shown. The com-
mensurate propagation wave vectors are assumed as k =
(+£1/6,—1,0) and k = (—1,£1/6,0).

Single crystal measurements at PANDA confirmed these
features.  On Panda, the sample was also aligned in
(h,k,0) orientation. Pyrolytic graphite PG(002) was used
as monochromator and analyzer, and a Be filter was placed
before the analyzer. Elastic scans were performed at fixed
neutron wave vectors k; = ky =1.57 A~1. Figure 7 shows
the elastic h scans of the pair of magnetic Bragg peaks
(£1/6,1,0)atT =5K.

A further step in the search for the correct propagation vec-
tor was carried out on the single crystal diffractrometer HEIDI
at MLZ [26]. As shown in Fig. 8, the mapping of the recipro-
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FIG. 7: (Color online) Elastic h scans of the magnetic satellites
(£1/6,1,0) through the forbidden nuclear reflection (0,1,0) of
CeSbs at T' = 5 K. The solid lines are Gaussian fits.

cal space at different temperatures reveals one clear magnetic
reflection which is unambiguously described by the propaga-
tion vector k = (—1/6,—1,0). The propagation vector al-
most does not change with temperature.

Figure 9 exhibits the temperature dependence of the
intensities for the magnetic reflections (£1/6,—1,0) and
(=1/6,—1,1). As the temperature decreased, a magnetic
ground state is formed which may be due to the weak hy-
bridization of the f levels with conduction electrons [13]. The
ordered magnetic moment on Ce sites increases with decreas-
ing temperature and remains constant (within the measure-
ment error) at lower temperatures. The fit of the integrated
intensity to the power law I ~ (T —T')?? revealed the order-
ing temperature Ty = 9.8 K, corresponding well to T’x ob-
tained from macroscopic magnetization measurements. The
fitted value of the critical exponent 5 = 0.5.

It should be pointed out that except for the phase transitions
at around 15.6 K, 12 K, and 9.8 K, the previous resistivity
measurements for CeSbs [4] exhibited one more anomaly at
6.5 K which was ascribed to the antiferromagnetic to ferro-
magnetic transition. However, by neutron scattering no AFM-
FM phase transition has been observed down to 2 K. It is
possible that the exchange interaction in CeSby might be not
strong enough to screen out the 4 f moments completely at
low temperatures, and thus RKKY interaction leads to com-
mensurate antiferromagnetic ordering at Ty = 9.8 K.

III. CONCLUSIONS

CeSby displays complex magnetic ordering at low temper-
ature. The temperature 7" and magnetic field H dependencies
of magnetization in CeSbs exhibit a rich phase diagram which

includes four magnetic ordering phases, indicating that there
are several tuned exchange interactions. All the kinks associ-
ated with the magnetic phase transitions are gradually sup-
pressed to lower temperatures by increasing magnetic field
H. Moreover, the temperature-dependent magnetization of
CeSby shows strong anisotropy, which may be due to crys-
tal field effect. Therefore, further inelastic neutron scattering
study of CEF excitations may be quite helpful for revealing
the hidden mechanism.

Microscopic information on the magnetic structures is es-
sential for understanding the complex magnetic properties of
strongly correlated electron systems. A series of neutron scat-
tering measurements were performed on one CeSby single
crystal. It reveals an antiferromagnetic ground state below
Tn = 9.8 K without any further AFM-FM phase transi-
tion down to 2 K. The commensurate antiferromagnetic or-
dering of CeSbs can be described by the propagation vectors
k = (—1,+1/6,0) and k = (+1/6,—1,0). Moreover, as
known that the Fermi surface topology might play an impor-
tant role in the determination of the magnetic ordering [27],
further DFT calculations as well as experimental technique
are required to track the possible modification of Fermi sur-
face.
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FIG. 9: (Color online) Temperature dependence of intensity on mag-
netic reflections (£1/6,—1,0) and (—1/6,—1,1) in CeSbz. The
solid lines in (a) are Gaussian fits. The solid lines in (b) are fitted to
I~ (Ty —T)%, with Ty = 9.8 K, and 3 = 0.5.



