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Crystal structure, magnetic ordering, and magnetic excitation in the 4f -localized
ferromagnet CeAgSb2
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Systematic neutron-scattering experiments have been carried out in order to reveal the crystal and magnetic
structures as well as the magnetic excitation in the Ce-based intermetallic compound CeAgSb2. It was clarified
that the Ag atoms in CeAgSb2 ~space group: P4/nmm) occupy the 2b site, while Sb atoms occupy 2a and 2c
sites, which have, to date, been controversial in literature. From the analysis of neutron powder-diffraction
profile, we found the existence of the ferromagnetic component of about 0.41mB /Ce oriented along thec axis,
consistent with the result of previous studies. On the other hand, however, no trace of the antiferromagnetic or
spin-density wave peak was detected within our range of experimental accuracy. We observed a considerable
spin-wave excitation below 3 meV. The dispersion relation was explained by the anisotropic Heisenberg model.
This means that CeAgSb2 has a simple ferromagnetic structure. Furthermore, crystalline electric-field~CEF!
excitations were observed at 5.2 and 12.5 meV in the paramagnetic state, which is indicative of the localized
nature of the Ce-4f electron. Our analysis revealed thatuJz56

1
2 & is the ground state, while the first and

second excited levels are mainly due tou6 3
2 & andu6 5

2 &, respectively. The observed ferromagnetic moment is
in good agreement with the ground-state saturation moment,gJmBJz;0.43mB . The susceptibility, magnetiza-
tion curve, and magnetostriction can be explained in terms of the CEF level scheme with anisotropic exchange
interaction.

DOI: 10.1103/PhysRevB.68.024408 PACS number~s!: 75.20.Hr, 71.27.1a, 61.12.Ld, 78.70.Nx
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I. INTRODUCTION

Ferromagnetic materials based onf electrons are attract
ing renewed interest in the study of unconventional sup
conductivity coexisting with ferromagnetism. The study
ferromagnetic superconductivity has a long history, beg
ning with Ginzburg’s study in 1957~Ref. 1!. Recently, fer-
romagnetic superconductivity was discovered in UGe2 ~Ref.
2! and URhGe~Ref. 3!. After the significant discovery o
ferromagnetic superconductivity in the case of UGe2 and
URhGe, a number of compounds have been investigated
most of these efforts have been unsuccessful. The absen
ferromagnetic superconductivity is discussed, e.g., in te
of the lack of inversion symmetry as well as an insufficie
sample quality. However, at the same time, these efforts s
light on unusual and interesting magnetic properties of
romagnets based onf electrons.

CeAgSb2 is one of the materials that order atTc.9 K,
with a small net ferromagnetic component of 0.33mB /Ce
~Ref. 4!. Theg coefficient of specific heat, 75 mJ/K2 mol, is
enhanced compared to that of LaAbSb2 , 2.62 mJ/K2 mol
~Ref. 5!. The magnetic ordering can be easily suppres
with the application of pressure of about 3.3 GPa. No sup
conductivity has been reported down to 90 mK, even in
high-quality single crystal with the residual resistivity rat
rRT/r051700 forJi@001# ~Ref. 6!.

Other than the high-pressure response, the unusual m
netic properties in CeAgSb2 have not yet been understoo
First, the magnetic susceptibility perpendicular to@001# is
larger than that parallel to@001#. However, the magnetic or
dered moment belowTc is parallel to thec axis. Second, the
0163-1829/2003/68~2!/024408~9!/$20.00 68 0244
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hard-axis magnetization belowTc increases linearly with
magnetic field and reaches about 1.2mB at 3 T~Ref. 7!. This
induced moment is much larger than the spontaneous
ment along thec axis, 0.4mB . The antiferromagnetic~AFM!
and/or complex magnetic structure was believed to be
origin of the unusual magnetic properties. However, no AF
peak has been reported, to date, from neutron diffrac
experiments.4 Very recently, the study of thermal and ma
netic properties revealed that the magnetic susceptib
could be explained by the crystalline electric-field~CEF!
effect.8,9 It was also revealed that the saturation moment
be understood in terms of theuJz56 1

2 & ground state, al-
though the reason why the ferromagnetic component is
allel to thec axis remains an open question.

The purpose of this neutron-scattering study is to clar
the crystal and magnetic structure as well as magnetic e
tations in CeAgSb2 in order to understand the unusual ma
netic properties of this compound. We conclude th
CeAgSb2 has a simple ferromagnetic ground state. We int
duce an anisotropic ferromagnetic interaction which syste
atically explains the unusual magnetic properties
CeAgSb2.

II. EXPERIMENTAL DETAILS

A polycrystalline sample was prepared by arc-melting
the constituent elements. The starting materials were
~99.9% pure! Ce, 4N Ag, and 5N Sb, at the ratio of 1:1:2.4
compensate for the loss of antimony due to evaporation.
arc-melted sample was annealed in an evacuated quartz
at 600 °C for one week. The quality of samples w
©2003 The American Physical Society08-1
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FIG. 1. Neutron powder-diffraction pattern a
room temperature in CeAgSb2. The inset shows
the integrated intensities of the (00l ) ( l 51, 2, 3,
and 5! reflections on a single-crystal~open
circles! and polycrystalline sample~crosses! mea-
sured at 12 K. The bold line and dashed line d
note the square of the structure factor, calcula
based on the Sologub-type structure and And´-
type structure, respectively.
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examined by x-ray~Cu Ka) and neutron powder diffraction
studies. No trace of impurity phases was detected. The
fraction profile was interpreted by that of stoichiomet
CeAgSb2. The deviations from the full occupancies of ea
atomic site was estimated to be less than 3%. The w
grained sample was encapsuled in a very thin vanadium t
and sealed in an aluminum can with He gas. The total m
of the polycrystalline sample was about 30 g. On the ot
hand, single crystals were grown by the Sb-self-flux meth
The starting materials were again 3N Ce, 4N Ag, and 5N
Typical sample dimensions were 153732.5 mm3 with a
weight of 0.85 g. A sample was mounted on an alumin
sample holder and sealed in an aluminum can with He g
The (hk0), (h0l ), and (hhl) planes were scanned in ord
to observe magnetic reflections.

Neutron-scattering experiments were carried out at the
search reactor JRR-3 at the Japan Atomic Energy Rese
Institute. High resolution neutron powder-diffraction da
were measured on high resolution power diffractome
~HRPD! installed at the 1G port in the reactor hall. A therm
neutron beam with wavelengthl51.8231 Å was monochro
matized by a Ge~331! monochromator. A typical angle reso
lution was obtained by collimating the neutron beam w
68-128-68 collimators. Powder-diffraction experiments we
also carried out on a thermal triple-axis spectrometer TA
in order to obtain good statistics in the integrated intensity
the low-angle diffraction peaks. The neutron beam w
monochromatized at 14.7 meV and analyzed using vertic
bent pyrolytic graphite~PG! crystals. Higher-order contami
nation was removed by a PG filter with a thickness of 8 c
The angle resolution of TAS-1 was about.0.5° with the
collimation of 408-808-408-808. Magnetic reflection was
also searched for using a single-crystalline sample on t
mal triple-axis spectrometers TAS-1 and TAS-2. TAS-2
installed at the T2-4 beam port located at the end positio
the 3q supermirror guide in the guide hall of JRR-3. A larg
neutron beam, 20 cm in height and 2 cm in width, was
cused on the sample using a vertically bent monochrom
at the energy of 14.7 meV, and analyzed using a PG analy
The collimation was 808-408-808. A PG filter was used to
remove harmonic contaminations. Neutron inelastic sca
ing spectra were measured using TAS-1 at final energieEf
514.7 and 30.5 meV, which provide the energy widths
02440
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vanadium incoherent scattering of about 1 meV and 3 m
respectively. The low-energy excitations were also measu
with low energy triple-axis spectrometer~LTAS! with a cold
neutron beam atEf54 meV.

III. EXPERIMENTAL RESULTS

A. Crystal Structure

CeAgSb2 crystallizes in the tetragonal structure wi
space group P4/nmm. Two controversial models have bee
proposed so far for the crystal structure of CeAgSb2. So-
logub et al.10 and Brylak, Moller, and Jeitschko11 reported
that CeAgSb2 has a ZrCuSi2-type structure, where Ce, Ag
and Sb atoms occupy the crystallographical 2c ~Ce!, 2b
~Ag!, 2a ~Sb1!, and 2c ~Sb2! sites. On the other hand, Andr´
et al.4 attributed their neutron powder-diffraction data to t
same type of structure, but assumed different site occu
tions, namely, 2a~Ag! and 2b~Sb1! sites. This controversy is
due to the weak contrast between Ag and Sb atoms, both
x-rays and neutrons.

Figure 1 shows the high-resolution neutron powd
diffraction data of CeAgSb2 measured at room temperatu
in the paramagnetic state. This powder-diffraction data
be explained by both Sologub- and Andre´-type structures,
although reliable parameters for Sologub’s model are sligh
better than the ones for Andre´’s model. In order to clarify the
crystal structure of CeAgSb2, the weak~001!, ~002!, ~003!,
and~005! reflections from a large polycrystalline sample~30
g! and a high-quality single-crystalline sample were me

FIG. 2. Crystal structure of CeAgSb2. The solid line indicates
the tetragonal unit cell.
8-2
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CRYSTAL STRUCTURE, MAGNETIC ORDERING, AND . . . PHYSICAL REVIEW B68, 024408 ~2003!
sured with very good statistics on the TAS-1 spectrome
The stacking sequence of the atomic layers along thec axis
is Ce-Sb-Ag-Sb-Ce-Sb-Ce in Sologub’s model, while it
different from that of Andre´’s model, Ce-Sb-Sb-Sb-Ce-Ag
Ce. Therefore, the envelope of the (00l ) peak intensity is
effective for distinguishing these models. The observed in
grated intensities of (00l ) reflections forl 51, 2, 3, and 5 are
plotted in the inset of Fig. 1. The polycrystalline~crosses!
and single-crystalline~open circles! data are consistent. Th
agreement of the experimental data with the calculated in
sity for Sologub’s model~solid line! is clearly better than
that of André’s model denoted by the dashed line, as sho
in the inset of Fig. 1. Therefore, we conclude that Sologu
model describes the crystal structure of CeAgSb2, which is
schematically shown in Fig. 2. In this structure, Ce ato
show a quasi-body-centered tetragonal lattice. The loca
rangements of Ce and Sb atoms are very similar to thos
CeSb2. In CeAgSb2, the CeSb2 layer is separated by an A
layer.

Our conclusion for the crystal structure of CeAgSb2 is
acceptable because the series of CeTSb2 ~T: Ni, Pd, Cu, Au!
compounds have the same crystal structure as describe
Sologub’s model.10,12 This has been unambiguously co
firmed by the diffraction experiments of CeTSb2, in which
strong contrast was observed between T and Sb atoms.
high-resolution neutron powder-diffraction pattern in Fig.
was analyzed by means of Rietveld refinement w

TABLE I. Crystallographic data in CeAgSb2 obtained by
Rietveld refinement of neutron powder-diffraction data in Fig. 1

a54.3675(4) Å,c510.708(1) Å,B50.65(1) Å2

Rwp57.25% (Re56.81%),RI53.25%
Atom Site x y z

Ce 2c 1/4 1/4 0.2388~2!

Ag 2b 3/4 1/4 1/2
Sb1 2a 3/4 1/4 0
Sb2 2c 1/4 1/4 0.6734~3!
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RIETAN-2000,13 assuming Sologub’s model. The fit of th
data is satisfactory. The obtained structural parameters
listed in Table I.

Recently, Fujimoriet al.14 reported that thed-electron
density of states observed by photoemission spectroscop
consistent with the band calculation based on the Solog
type structure. Their conclusion is in good agreement w
the result of the present neutron-scattering study.

B. Magnetic Structure

Figure 3 shows the neutron powder-diffraction pattern
T54 K and 12 K, which are below and above the Cu
temperatureTc59.6 K, respectively. The low-temperatur
data, after subtracting the high-temperature data, are
plotted in Fig. 3. The clear ferromagnetic scattering from
moments were superposed on the~101! and ~110! nuclear
peaks. The ferromagnetic scattering on the~103! and ~112!
nuclear peaks may also be observed, which are, howe
masked by the large nuclear scattering. Some small cusp
structure, e.g., 2u536°, seen in Fig. 3, were investigate
again with higher statics, however, these peak structu
were not reproducible. Therefore, we conclude that no a
ferromagnetic scattering was observed in our experim
The magnetic scattering intensity can be described by

I}m2u f ~q!u2uFCeu2sin2uL~u!, ~1!

wherem is the magnetic moment of Ce31, f (q) is the mag-
netic form factor of Ce31 ion, FCe is the structure factor of
Ce atoms,u describes the angle between the magnetic m
ment and scattering plane, andL(u) is the Lorentz factor.
The inset of Fig. 3 shows the integrated intensity divided
the Lorentz factor. The observed data can be explained
the ferromagnetic component of 0.41(3)mB parallel to thec
axis. This is consistent with previous neutron-scattering a
magnetization studies.4,7,15 Although the statistical error o
our neutron powder-diffraction data is much smaller th
that in the previous study,4 we could observe no trace o
antiferromagnetic or incommensurate magnetic sate
s

en
k-
ra-
he
FIG. 3. Neutron powder-diffraction pattern
below ~4 K! and above~12 K! Tc59.6 K in
CeAgSb2. The magnetic diffraction pattern which
is obtained as the difference of patterns betwe
4 K and 12 K, is also plotted. The negative bac
ground for the subtracted data is due to the pa
magnetic scattering at 12 K. The inset shows t
integrated intensity of the magnetic scattering.
8-3
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ARAKI et al. PHYSICAL REVIEW B 68, 024408 ~2003!
peaks within the accuracy range of the statistical error of
backgroundA4000563 counts, which roughly correspond
to 531022 of the ~101! ferromagnetic intensity. This resu
rules out the possibility of a primitive antiferromagnet
component in the order of 0.41mB3A531022

50.09mB /Ce. If we assume a long-wavelength antiferr
magnetic modulationM with N spins in a period, the inten
sity is proportional to (M /N)2, hence the upper limit of the
modulation is, roughly speaking, on the order of 0.
3(N/M )mB /Ce. This value is also much smaller than t
in-plane antiferromagnetic component on the order of 1mB
expected from the magnetization measurements.

The neutron elastic-scattering experiments have also b
carried out using a single-crystal sample. We observed str
ferromagnetic scattering at the~101! and~110! nuclear peak
positions. The temperature dependence plots of the~101! and
~110! peak intensities are shown in Fig. 4. The peak inten
clearly exhibits a nature of the ferromagnetic order param
with ordering temperatureTc59.6 K. This is consistent with
the previous results.4,7 The~101! and~110! scattering profiles
are also shown in the inset of Fig. 4. These results fo
single-crystalline sample were consistent with the results
the polycrystalline sample.

An antiferromagnetic peak was searched for in the cas
the single-crystalline sample. Although the diffraction e
periments with a single crystal presents a much higher s
sitivity with low background, no trace of the antiferroma
netic peak was observed in the accuracy range of 331023 of
the ~101! ferromagnetic peak along some high-symme
axes on the (hhl), (h0l ), and (hk0) scattering planes, a
shown in Figs. 5~a!, 5~b!, and 5~c!, respectively. The sensi
tivity was 0.02mB /Ce. A typical example of our scatterin

FIG. 4. Temperature dependence of~a! ~101! and ~b! ~110! re-
flection intensity in CeAgSb2. The insets show the scattering pr
files below and aboveTc .
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profile along (10l ) is shown in Fig. 5~d!. We also performed
a mesh scan on the (h0l ) scattering plane, as shown in th
hatched area in Fig. 5~b!. However, no antiferromagnetic o
spin-density wave~SDW! peak was detected.

C. Magnetic Excitation

Figure 6 shows the neutron inelastic-scattering spectra
the polycrystalline sample of CeAgSb2. At T54 K, we ob-
served conspicuous excitation peaks at the neutron en
transferDE51.9 and 5.9 meV, respectively. Theq depen-
dence of the intensity of these peaks is more or less con
tent with the square of the 4f magnetic form factor in the
Ce31 ion. This means that these inelastic peaks are du
magnetic excitations. On elevating the sample temperatur
T512 K, just aboveTc59.6 K, the excitation peak at 1.9
meV disappeared. This means that this peak is due to
spin-wave excitation. The 5.2 meV peak, which correspo
to the 5.9 meV excitation at 4 K, survived in the parama
netic state, although the peak became weak and broad.
much higher temperatureT560 K, the excitation peak
spreads out in a wide energy range. Fromq and temperature
dependence, we concluded that the 5.2 meV peak is du
CEF excitation. In addition to these clear excitation peaks
very weak excitation atDE512.5 meV was observed at 1
K, as shown in Fig. 7. Recently, these two CEF excitatio
were also observed by Adrojaet al. on a HET spectromete
at ISIS, independent of our work.16

The CEF Hamiltonian for the tetragonal symmetry can
expressed as17

HCEF5B2
0O2

01B4
0O4

01B4
4O4

4 , ~2!

FIG. 5. Magnetic scattering from a single-crystalline sample
CeAgSb2 is searched for, along some high-symmetry axes in the~a!
(hhl), ~b! (h0l ), and~c! (hk0) planes denoted by the arrows an
gray region.~d! Typical constant-energy scan along@10l #.
8-4
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CRYSTAL STRUCTURE, MAGNETIC ORDERING, AND . . . PHYSICAL REVIEW B68, 024408 ~2003!
where Bn
m and On

m are CEF parameters and Steven
operators,18 respectively. In CEF with tetragonal symmetr
the J multiplet of the Ce31 ion splits into three doublets,

uG7
(2)&5aU65

2L 1bU73

2L , ~3!

uG7
(1)&5aU63

2L 2bU75

2L , ~4!

FIG. 6. Inelastic neutron-scattering spectra measured for a p
crystalline sample of CeAgSb2.

FIG. 7. Inelastic neutron-scattering spectra around 12 meV m
sured for a polycrystalline sample of CeAgSb2.
02440
uG6&5U61

2L . ~5!

Therefore, the observation of two CEF excitation peaks
reasonably understood in terms of the excitation between
ground state and the two excited levels.

The neutron-scattering cross section for CEF level sp
ting can be described as

S~q,v!}u f ~q!u2(
nm

rmu^nuJ'um&u2d~v2Dnm!, ~6!

wheref (q) is the magnetic form factor,rm is the population
of statem, andDnm5En2Em is the energy splitting betwee
statesn andm. The data in Figs. 6 and 7 were fitted with
Lorentzian line shape convoluted with the resolution fun
tion and Bose factor after subtracting an appropriate ba
ground of phonon spectra. From the obtained excitation
ergy and integrated intensity, we tried to reveal the CEF le
scheme.

The key point is the strong first excitation and very we
second one. This situation can be understood in terms of
u6 1

2 & ground state with the first and the second level dom
nated byu6 3

2 & and u6 5
2 & states, respectively, as shown

Fig. 8. In the level scheme, we observe the strong first
weak second excitation peaks, because^6 1

2 uJx,yu6
3
2 & is

nonzero and^6 1
2 uJx,y,zu6

5
2 &50. The ground-state leve

should beu6 1
2 & because the in-plane susceptibility (H'c) is

larger than the out-of-plane susceptibility (Hic). The mag-
netic moment of the ground state,gJmBJz50.428mB , is in
good agreement with the observed ferromagnetic momen
0.41mB .

The mixing parametersa andb were estimated from the
ratio of the integrated intensity of two CEF excitation pea
as a50.98 andubu50.22. The charge distribution of eac
state is also shown at the right-hand site of the level sche
The mixing of u6 3

2 & and u7 5
2 & states is so small that w

cannot distinguish which state,G7
(1) or G7

(2) , is the first- or
second-excited level. The sign of CEF parameterB4

4, in turn,
was not determined. The CEF parametersBn

m are listed in
Table II. The CEF level scheme determined by the pres
neutron-scattering study is very similar to the result of t
recent thermal-expansion study conducted by Takeuchi
co-workers.8

y-

a-

FIG. 8. CEF level scheme of CeAgSb2 determined by the
present neutron-scattering experiments. The charge distributio
each level is also shown at the right-hand side of the level sche
8-5
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This level scheme reminds us of the quadrupolar splitt
in nuclear quadrupole resonance~NQR!. From the analogy
of NQR, the level splitting indicates the existence of t
uniaxial field gradient at the Ce site. Consequently,u6 1

2 &
which has the uniaxially elongated charge distribution,
shown in Fig. 8, becomes the ground state. A similar C
level scheme can be observed with hexagonal point sym
try which indicates the uniaxial nature.

The ground state splits into two singlets with 2D;2Tc
belowTc , which is consistent with the slight increase of t
excitation energy, 5.925.250.7 meV;Tc , as shown in Fig.
8.

The spin-wave excitation has been measured with the
of a single-crystalline sample. Typical constant-q spectra are
shown in Fig. 9 for severalq along @h00#. We observed a
clear spin-wave excitation forDE,3 meV. Figure 10 is the
dispersion relation of the spin-wave excitation along
@hhh#, @00l #, @h00#, and@hh0# directions. The anisotropic
exchange interaction between 4f -moments Ji in the G6
ground state for the ferromagnet is introduced to account
the dispersion. The Hamiltonian for this model is describ
as

TABLE II. CEF parameter determined from the neutro
scattering experiment.

B2
0 B4

0 B4
4

7.660.3 K 20.0660.04 K 60.760.1 K

FIG. 9. Spin-wave excitation spectra in CeAgSb2. The data are
shifted vertically for convenience.
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i j &

F I i j
z Ji

zJj
z1

1

2
I i j
'~Ji

1Jj
21Ji

2Jj
1!G , ~7!

whereI i j
z (I i j

') is the exchange energy forz (x,y) component
of angular momentJ, Jx,y,z is x,y,z component ofJ, respec-
tively, and J65Jx6 iJy. The spin-wave dispersion relatio
is obtained from Eq.~7! as

vk5D1
9

2
@ I'~0!2I'~k!#, ~8!

D5
1

2
@ I z~0!29I'~0!#, ~9!

whereI z(k) and I'(k) are the Fourier transforms ofI i j
z and

I i j
' , respectively. The solid line in Fig. 10 is the calculat

dispersion relation with Eqs.~8! and~9!. We regard the crys-
tal structure as body-centered tetragonal for simplicity. T
exchange interactionI n

'’s, up to 9th neighbors, were take
into account for the calculation, as shown in Fig. 11. T
I n
'’s obtained by fitting dispersionI z(0) and I'(0) are listed

in Table III. The value ofI z(0) is one order larger than tha
of I'(0), indicating anisotropic interaction. As clearly see
from Table III, exchange interaction is ferromagnetic, co
sistent with the simple ferromagnetic structure. Although
value ofI 8

' is negative, this component is trivial for the ma
netic structure.

IV. DISCUSSION

The results of our neutron-scattering study, i.e., the
sence of an antiferromagnetic/SDW peak and the spin-w
dispersion which is explained by the ferromagnetic inter
tion, clearly indicate that CeAgSb2 has a simple ferromag
netic ordering. To date, however, a noncollinear canted a
ferromagnetic structure has been proposed because of se
‘‘unusual’’ properties that were interpreted as characteris
properties of the antiferromagnetic component. In this S
tion, we note that these unusual properties can be expla
in terms of the CEF level scheme and the simple ferrom
netic structure ordered with anisotropic exchange interact

The total Hamiltonian consists of the following terms:

FIG. 10. Dispersion relation of the spin-wave excitation
CeAgSb2. The solid line shows the calculated dispersion curve w
Eqs.~8! and ~9!.
8-6
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CRYSTAL STRUCTURE, MAGNETIC ORDERING, AND . . . PHYSICAL REVIEW B68, 024408 ~2003!
H5HCEF2gJmB (
a5x,y,z

HaJa2gJmB (
a5x,y,z

haJG6

a .

~10!

The first term is the CEF Hamiltonian given in Eq.~2! and
the second term is the Zeeman term, while the third te
describes the anisotropic exchange interaction given in
~7! in the form of the mean-field approximation. The angu
momentum operatorJG6

a within G6 subspace is described a

JG6

a 5OG6

† JaOG6
, ~11!

whereOG6
is a projection operator to theG6 ground state,

given by

OG6
5U1 1

2L K 1
1

2U1U2 1

2L K 2
1

2U. ~12!

Molecular fieldh is described as follows:

ha5la^Ma&5gJmBla^Ja&. ~13!

Mean-field parameters lx,y514 mol/emu and lz

5167 mol/emu were estimated fromI'(0) and I z(0).
Figure 12 shows the temperature dependences of the m

netic susceptibilities parallel (x i) and perpendicular (x') to
@001#. The magnetic susceptibility follows the Curie-Wei

FIG. 11. Exchange interactions for the analysis of the spin-w
dispersion relation.

TABLE III. Exchange interactionI n
' in CeAgSb2.

I 1
' 1864 meV I 6

' 762 meV
I 2
' 3163 meV I 7

' 561 meV
I 3
' 562 meV I 8

' 2965 meV
I 4
' 563 meV I 9

' ;0 meV
I 5
' ;0 meV D 500 meV

I z(0) 3.9560.04 meV I'(0) 0.3360.04 meV
02440
q.
r

g-

law at high temperatures, and shows an anomaly atTc
59.6 K, associated with the magnetic ordering. Surprising
x i is much smaller thanx' , although the ferromagnetically
ordered moment of Ce is parallel to@001# . The dotted lines
show the magnetic susceptibility in the paramagnetic st
calculated with the CEF Hamiltonian using CEF paramete
as shown in Table II. These lines are basically the same
those reported by Takeuchiet al.8 and Inadaet al.,9 although
the CEF excitation energy is slightly different. The calc
lated susceptibility at higher temperatures is consistent w
the experimental results, but the discrepancy becomes la
at lower temperatures. This discrepancy is due to the
change interaction between Ce moments. The solid line
Fig. 12 shows the susceptibility calculated after including
anisotropic exchange interaction, as in Eq.~10!. The agree-
ment of our calculation with the experimental data is exc
lent. Perpendicular susceptibilityx' , larger than the paralle
one (x i), is characteristic of theu6 1

2 & ground state becaus
this state has larger in-plane components ofJx and Jy than
Jz .

When the exchange interaction has a strong Ising cha
ter (lz@lx), the magnetic ordering of thez component,Jz ,
can take over the ordering of the in-plane componentsJx and
Jy . In this case, the expected values of^Jx& and^Jy& should
be quantum mechanically zero, hence there is no possib
of the canting structure associated with the in-plane anti
romagnetic component.

It is particularly interesting and challenging to reprodu
the CEF potential by self-consistent band calculation, wh
might also give an answer for the Ising character of the
change interaction in CeAgSb2.

Figure 13 shows the magnetization curves for the fie
parallel (H i) and perpendicular (H') to @001#. Magnetiza-
tion for H i shows a sharp ferromagnetic hysteresis cu
with the spontaneous moment of 0.4mB , while the hard-axis
magnetization increases withH' more than the spontaneou
moment along@001#, and saturates at 1.3mB for H.3 T.
Historically, the existence of a large antiferromagnetic co
ponent has been speculated from these magnetization cu
However, these magnetization curves can be explained

e

FIG. 12. Temperature dependence of magnetic susceptib
The broken lines show the susceptibility calculated with the C
Hamiltonian and the solid lines shows the susceptibility calcula
with Eq. ~10!.
8-7
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Eq. ~10!, which implies a simple ferromagnetic ground sta
The larger magnetization perpendicular to thec axis is char-
acteristic of ground stateu6 1

2 &. In the u6 1
2 & ground state, a

large in-plane componentJx,y can be induced with the appli
cation of H' . Meanwhile, the easy-axis magnetizatio
shows no gradual change withH i but sudden change is ex
pected at a much higher critical fieldH'110 T, where the
crossover of the ground state takes place due to the Zee
energy.8

The in-plane magnetization curve, with the application
Hi @100#, shows a saturation tendency above critical fie
Hc , denoted by arrows in Fig. 14. Critical fieldHc decreases
with increasing temperature. In Fig. 15,Hc(T) is plotted as a
function of temperature.

The closed marks in Fig. 14 show the ferromagnetic m
ment along@001#, with the magnetic field parallel to@110#
measured from the neutron diffraction intensity at the~110!
peak position. With this configuration, the in-plane magne
zation does not contribute to any magnetic scattering,
cause the induced in-plane magnetic moment is paralle
scattering vectorq. Therefore, only the ferromagnetic com
ponent along@001# is observed.

The ferromagnetic component along@001# exhibits a
gradual decrease with increasing in-plane magnetic field,
disappears at critical fieldHc , where the in-plane magneti
moment shows a kink behavior. Our data indicate thatHc is

FIG. 13. Magnetization curves for the fields parallel (H i) and
perpendicular (H') to @001#. The solid lines show values calculate
with Eq. ~10!.

FIG. 14. In-plane magnetization (M'c) and the ferromagnetic
moment (M ic) are plotted as a function of magnetic field perpe
dicular to @001#.
02440
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nd

the field where the ferromagnetic moment switches its dir
tion from parallel to perpendicular, relative to@001#. This
switching corresponds to the crossover of the ground s
from u1 1

2 & to the linear combination ofu6 1
2 &. It is the rea-

son why a kink is observed in the magnetization curve
the field direction perpendicular to@001#. Furthermore, these
magnetization curves can be understood in terms of Eq.~10!.
Critical field Hc(T) can also be explained by the sam
Hamiltonian, as shown by a solid line in Fig. 15.

Metamagnetic transition driven by the rotation of th
quadrupole moment has been reported in PrCu2 by Settai
et al.19 On the contrary, quadrupole momentO2

0 in CeAgSb2
has a finite expected value even in the paramagnetic ph
and in the ferromagnetic statêO2

0& stays almost constan
below and aboveHc(T). Therefore, the quadrupole momen
in the case of CeAgSb2, is not important to the magnetiza
tion process of this compound.

Adroja et al.16 reported that the magnetostriction alon
the field direction perpendicular to@001# exhibits a broad
peak around critical fieldHc . This broad peak is also ex
plained by Eq.~10!. The magnetic contribution to the strai
is expressed as follows:20

«xx5Axx^O2
0&1Bxx^O2

2&. ~14!

Perpendicular field (H') dependences of̂O2
0& and^O2

2& are
plotted in Fig. 16. The expected valuêO2

0& increases

-

FIG. 15. Critical fieldHc(T) for the field perpendicular to@001#.
The solid line showsHc calculated using Eq.~10!.

FIG. 16. Magnetic-field dependence of the expected value of
quadrupolar operator̂O2

0& and^O2
2& at 2 K for the field along thea

axis.
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CRYSTAL STRUCTURE, MAGNETIC ORDERING, AND . . . PHYSICAL REVIEW B68, 024408 ~2003!
smoothly with the field, whilê O2
2&, which is zero without

H' because of the tetragonal symmetry, shows a kink atHc .
Therefore, the kink observed by Adrojaet al. is caused by
the second term of Eq.~14!.

Inada et al.9 reported that specific heatC(CeAgSb2)
2C(LaAbSb2), showing T3/2 dependence at low tempera
tures, below 1.5 K, is consistent with the ferromagnetic s
wave.

It should be noted that CeAgSb2 exhibits a huge resistiv
ity drop of the order of 1023 below Tc . Since the resistivity
drop is accompanied by the magnetic ordering, it is clear
this phenomenon should be explained with a scenario ba
on a weakp-f mixing between localized-4f electrons in the
uJz56 1

2 & doublet andp electrons onpx and py orbitals of
Sb22 ions at Sb~2! sites.

The huge resistivity drop, such as at a metal-insula
transition, associated with ferromagnetic ordering, is re
niscent of, for example, the double-exchange mechanism
Mn compounds. It will be satisfying when the resistivi
drop belowTc and the strong anisotropic interaction can
explained consistently by thep-f hybridization based on the
simple CEF level scheme with ground stateu6 1

2 & and ps

orbitals. The occurrence of the Kondo effect withTK
580 K is suggested by the results of thermopower and
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4G. André, F. Bourée, M. Kolenda, B. Les´niewska, A. Oles´, and A.
Szytul”a, Physica B292, 176 ~2000!.

5Y. Muro, N. Takeda, and M. Ishikawa, J. Alloys Compd.257, 23
~1997!.

6M. Nakashima, S. Kirita, R. Asai, T.C. Kobayashi, T. Okubo, M
Yamada, A. Thamizhavel, Y. Inada, R. Settai, A. Galatanu,
Yamamoto, T. Ebihara, and Y. On̄uki, J. Phys.: Condens. Matte
15, L111 ~2003!.

7K.D. Myers, S.L. Bud’ko, I.R. Fisher, Z. Islam, H. Kleinke, A.H
Lacerda, and P.C. Canfield, J. Magn. Magn. Mater.205, 27
~1999!.

8T. Takeuchi, A. Thamizhavel, T. Okubo, M. Yamada, N. Nak
mura, T. Yamamoto, Y. Inada, K. Sugiyama, A. Galatanu,
Yamamoto, K. Kindo, T. Ebihara, and Y. On̄uki, Phys. Rev. B
67, 064403~2003!.

9Y. Inada, A. Thamizhavel, H. Yamagami, T. Takeuchi, Y. Saw
S. Ikeda, H. Shishido, T. Okubo, M. Yamada, K. Sugiyama,
02440
n

at
ed

r
i-
in

-

elastic neutron scattering.21 Moreover, the relatively large
specific coefficientg546 mJ/K2 mol also suggests the exis
tence of the Kondo effect. However, we are unsure whet
the Kondo effect could exist in a ferromagnetic localized-f
system without moment reduction.

In conclusion, our neutron-scattering study revealed
crystal structure, crystalline electric-field level scheme, a
the simple ferromagnetic structure of CeAgSb2. The crystal
structure is described by Sologub’s model. The CEF le
scheme consists of theu6 1

2 & ground state and the first an
second excited levels dominated byu6 3

2 & andu6 5
2 &, respec-

tively. We showed that the magnetic properties of CeAgS2
can be well understood in terms of theu6 1

2 & ground state
with anisotropic ferromagnetic exchange interaction.

ACKNOWLEDGMENTS

The authors would like to thank T. Takeuchi, T. Takimot
K. Kubo, Y. Inada, and K. Sugiyama for stimulating discu
sions. We also thank Y. Koike and K. Kaneko for their tec
nical assistance. Part of this work was financially suppor
by a Grant-in-Aid for COE Research~10CE2004! from the
Ministry of Education, Culture, Sports, Science and Techn
ogy of Japan.

ity,
s:

l-
.

,

.

.

,
.

Nakamura, T. Yamamoto, K. Kindo, T. Ebihara, A. Galatanu,
Yamamoto, R. Settai, and Y. On̄uki, Philos. Mag. B82, 1867
~2002!.

10O. Sologub, H. Noe¨l, A. Leithe-Jasper, P. Rogl, and O.I. Bodak,
Solid State Chem.115, 441 ~1995!.
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