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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 geAg@b clarified
that the Ag atoms in CeAgSHlispace group: PAMmm) occupy the B site, while Sb atoms occupya2and X
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 aboyt @/€k oriented along the 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 CeAg$thas a simple ferromagnetic structure. Furthermore, crystalline electriccG&H)
excitations were observed at 5.2 and 12.5 meV in the paramagnetic state, which is indicative of the localized
nature of the Ce-# electron. Our analysis revealed tHa= i%) is the ground state, while the first and
second excited levels are mainly dug to%) and|+ %), respectively. The observed ferromagnetic moment is
in good agreement with the ground-state saturation monggpizgJ,~0.43ug . 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 nuni®er75.20.Hr, 71.27%a, 61.12.Ld, 78.70.Nx
. INTRODUCTION hard-axis magnetization beloW, increases linearly with

magnetic field and reaches about Lg at 3 T(Ref. 7). This

Ferromagnetic materials based belectrons are attract- induced moment is much larger than the spontaneous mo-
ing renewed interest in the study of unconventional superment along the axis, 0.4z . The antiferromagnetitAFM)
conductivity coexisting with ferromagnetism. The study of and/or complex magnetic structure was believed to be the
ferromagnetic superconductivity has a long history, begin-origin of the unusual magnetic properties. However, no AFM
ning with Ginzburg’s study in 1957Ref. 1). Recently, fer- peak has been reported, to date, from neutron diffraction
romagnetic superconductivity was discovered in Y@ef.  experiments. Very recently, the study of thermal and mag-
2) and URhGe(Ref. 3. After the significant discovery of netic properties revealed that the magnetic susceptibility
ferromagnetic superconductivity in the case of YGmd couldst;e explained by the crystalline electric-figddEP
URhGe, a number of compounds have been investigated, pgffect™” It was a_Iso revealed that thelsaturatlon moment can
most of these efforts have been unsuccessful. The absenceR understood in terms of thd,=+3) ground state, al-
ferromagnetic superconductivity is discussed, e.g., in termd10ugh the reason why the ferromagnetic component is par-
of the lack of inversion symmetry as well as an insufficienta”el to thec axis remains an open question. . .
sample quality. However, at the same time, these efforts shetﬂ The purpose of this neutron-scattering study is to clarify

light on unusual and interesting magnetic properties of fer- ¢ cryg,tal and magnehc structure as well as magnetic exci-
tations in CeAgShin order to understand the unusual mag-
romagnets based drelectrons.

. . _ netic properties of this compound. We conclude that
. CeAgSh is one of the matgrlals that order &=9 K, CeAgSh has a simple ferromagnetic ground state. We intro-
with a small net fgrromagnetlc .c.omponent ofﬁ(p%&lc_e duce an anisotropic ferromagnetic interaction which system-
(Ref. 4. The y coefficient of specific heat, 75 mJ/Kol, IS giically  explains the unusual magnetic properties in
enhanced compared to that of LaABSH.62 mJ/K mol é:eAgStg.

(Ref. 5. The magnetic ordering can be easily suppresse
with the application of pressure of about 3.3 GPa. No super-
conductivity has been reported down to 90 mK, even in a
high-quality single crystal with the residual resistivity ratio
prr/po=1700 forJ|[001] (Ref. 6. A polycrystalline sample was prepared by arc-melting of
Other than the high-pressure response, the unusual matie constituent elements. The starting materials were 3N
netic properties in CeAgSbhave not yet been understood. (99.9% purg Ce, 4N Ag, and 5N Sb, at the ratio of 1:1:2.4 to
First, the magnetic susceptibility perpendicular[@91] is  compensate for the loss of antimony due to evaporation. The
larger than that parallel tf001]. However, the magnetic or- arc-melted sample was annealed in an evacuated quartz tube
dered moment below, is parallel to thec axis. Second, the at 600°C for one week. The quality of samples was

Il. EXPERIMENTAL DETAILS
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examined by x-rafCu Ka) and neutron powder diffraction vanadium incoherent scattering of about 1 meV and 3 meV,
studies. No trace of impurity phases was detected. The diftespectively. The low-energy excitations were also measured
fraction profile was interpreted by that of stoichiometric With low energy triple-axis spectromet@iTAS) with a cold
CeAgSh. The deviations from the full occupancies of eachneutron beam a;=4 meV.

atomic site was estimated to be less than 3%. The well-

grained sample was encapsuled in a very thin vanadium tube, Il EXPERIMENTAL RESULTS

and sealed in an aluminum can with He gas. The total mass A. Crystal Structure

of the polycrystalline sample was about 30 g. On the other _ . .
hand, single crystals were grown by the Sh-self-flux method. CeAgSh crystallizes in the tetragonal structure with
The starting materials were again 3N Ce, 4N Ag, and 5N SpSPace group PAmm Two controversial models have been
Typical sample dimensions were X5 x 2.5 mn? with a proposed so far for the crystal structure of CeAgSBo-

weight of 0.85 g. A sample was mounted on an aIuminumlOgUb etal.® and Brylak, Moller, and Jeitschkbreported
sample holder and sealed in an aluminum can with He gadhat CeAgSh has a ZrCuSitype structure, where Ce, Ag,

The (hk0), (h0l), and (hl) planes were scanned in order @nd Sb atoms occupy the crystallographical &e), 2b
to ob(gerv)e r(nagawetic re(lt}ec)tioF)ns. (Ag), 2a (Sh1), and Z (Sb2 sites. On the other hand, Andre

Neutron-scattering experiments were carried out at the rect al* attributed their neutron powder-diffraction data to the
search reactor JRR-3 at the Japan Atomic Energy Resear@@Me type of structure, but assumed different site occupa-
Institute. High resolution neutron powder-diffraction data i0ns, namely, 28Ag) and 2b(Sb1) sites. This controversy is
were measured on high resolution power diffractometeflUe 0 the weak contrast between Ag and Sb atoms, both for

(HRPD) installed at the 1G port in the reactor hall. A thermal XTys and neutrons.

neutron beam with wavelengi= 1.8231 A was monochro- . Figu_re 1 shows the high-resolution neutron powder-
matized by a G@31) monochromator. A typical angle reso- diffraction data of CeAgSpmeasured at room temperature

lution was obtained by collimating the neutron beam within the paramagnetic state. This powder-diffraction data can
6/-12'-6' collimators. Powder-diffraction experiments were 2€ €xplained by both Sologub- and Andype structures,
also carried out on a thermal triple-axis spectrometer TAS-lthough reliable parameters for Sologub’s model are slightly
in order to obtain good statistics in the integrated intensity o etter than the ones for Andsemodel. In order to clarify the
the low-angle diffraction peaks. The neutron beam wa<LTyStal structure of CeAgShthe weak(001), (002, (003),
monochromatized at 14.7 meV and analyzed using verticall?nd(oo@ reﬂechong f“’”ﬁ a large polycrystallme samygo
bent pyrolytic graphit€PG) crystals. Higher-order contami- g and a high-quality single-crystalline sample were mea-
nation was removed by a PG filter with a thickness of 8 cm. - Q

The angle resolution of TAS-1 was abo#t0.5° with the ‘_',}1‘5?9_;;_1’.5
collimation of 40-80'-40'-80'. Magnetic reflection was
also searched for using a single-crystalline sample on ther-
mal triple-axis spectrometers TAS-1 and TAS-2. TAS-2 is
installed at the T2-4 beam port located at the end position of
the 3g supermirror guide in the guide hall of JRR-3. A large
neutron beam, 20 cm in height and 2 cm in width, was fo-
cused on the sample using a vertically bent monochromator
at the energy of 14.7 meV, and analyzed using a PG analyzer.
The collimation was 8040'-80". A PG filter was used to
remove harmonic contaminations. Neutron inelastic scatter-
ing spectra were measured using TAS-1 at final enefgjes  FIG. 2. Crystal structure of CeAgSbThe solid line indicates
=14.7 and 30.5 meV, which provide the energy widths ofthe tetragonal unit cell.
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TABLE I. Crystallographic data in CeAg$bobtained by RIETAN-20001% assuming Sologub’s model. The fit of the
Rietveld refinement of neutron powder-diffraction data in Fig. 1. data is satisfactory. The obtained structural parameters are

listed in Table I.
a=4.3675(4) A,c=10.708(1) A,B=0.65(1) & Recently, Fujimoriet al’* reported that thed-electron

Rup=7.25% R=6.81%),R,=3.25% density of states observed by photoemission spectroscopy is
Atom Site X y z consistent with the band calculation based on the Sologub-
e m w0 omee e St Toer concuson o in good agreement i
Ag 2b 3/4 1/4 1/2 '
Sh1l 2a 3/4 1/4 0 )
Sh2 x 1/4 1/4 0.673@) B. Magnetic Structure

Figure 3 shows the neutron powder-diffraction pattern at
) L T=4 K and 12 K, which are below and above the Curie
sured Wlth very good statistics on t_he TAS-1 SpeCtrometertemperatureTC=9.6 K, respectively. The low-temperature
The stacking sequence of the atomic layers alongCtieiS — ata after subtracting the high-temperature data, are also
is Ce-Sh-Ag-Sb-Ce-Sb-Ce in Sologub’s model, while it isy|ot1eq in Fig. 3. The clear ferromagnetic scattering from Ce
different from that of Andris model, Ce-Sb—Sp—Sb—Qe—Ag— moments were superposed on tH®1) and (110 nuclear
Ce. Therefore, the envelope of the (P(peak intensity is  peaks. The ferromagnetic scattering on (663 and (112
effective for distinguishing these models. The observed intep ,clear peaks may also be observed, which are, however,

grated intensities of (0) reflections fo =1, 2, 3, and 5 are  masked by the large nuclear scattering. Some small cusp-like
plotted in the inset of Fig. 1. The polycrystalliferosses structure, e.g., @=36°, seen in Fig. 3, were investigated

and single-crystallineéopen circle}sdata_ are consistent. T_he again with higher statics, however, these peak structures
agreement of the experimental data with the calculated intengere not reproducible. Therefore, we conclude that no anti-

sity for Sologub’s modelsolid line) is clearly better than  torromagnetic scattering was observed in our experiment.
that of Andres model denoted by the dashed line, as shownrpe magnetic scattering intensity can be described by
in the inset of Fig. 1. Therefore, we conclude that Sologub’s

model describes the crystal structure of CeAgSbhich is loc 2| () |2|F cd 2Sin26L( 6), (1)
schematically shown in Fig. 2. In this structure, Ce atoms
show a quasi-body-centered tetragonal lattice. The local awhere is the magnetic moment of €&, f(q) is the mag-
rangements of Ce and Sb atoms are very similar to those ofetic form factor of C&" ion, F, is the structure factor of
CeSh. In CeAgSh, the CeSb layer is separated by an Ag Ce atoms,f describes the angle between the magnetic mo-
layer. ment and scattering plane, ahq#) is the Lorentz factor.
Our conclusion for the crystal structure of CeAgSb  The inset of Fig. 3 shows the integrated intensity divided by
acceptable because the series of CeTiSbNi, Pd, Cu, Ay  the Lorentz factor. The observed data can be explained by
compounds have the same crystal structure as described tye ferromagnetic component of 0.41¢3) parallel to thec
Sologub’s modet®!? This has been unambiguously con- axis. This is consistent with previous neutron-scattering and
firmed by the diffraction experiments of CeT,Shn which  magnetization studi€s’'® Although the statistical error of
strong contrast was observed between T and Sb atoms. Tl&ir neutron powder-diffraction data is much smaller than
high-resolution neutron powder-diffraction pattern in Fig. 1that in the previous studywe could observe no trace of
was analyzed by means of Rietveld refinement withantiferromagnetic or incommensurate magnetic satellite

10 T T

T T
T T T T
CeAgSb, O_C\) w
TAS-1 710

E =14.7 meV

I/L(6)

FIG. 3. Neutron powder-diffraction patterns
below (4 K) and above(12 K) T.=9.6 K in
CeAgSh. The magnetic diffraction pattern which
is obtained as the difference of patterns between
4 K and 12 K, is also plotted. The negative back-
ground for the subtracted data is due to the para-
magnetic scattering at 12 K. The inset shows the
integrated intensity of the magnetic scattering.

Intensity (103 Counts/240 sec)
Intensity (10° Counts/240 sec)

-«— difference

1
10 20 30 40 S5

26 (degrees)

024408-3



ARAKI et al. PHYSICAL REVIEW B 68, 024408 (2003
W | | (€] [00*
8 CeAgSb !
z CAZSD, ]
g 2 TAS-1 /"
£ T T (101) [h h O]*
E > K - Y 1 2
3 £ {0k
e 4| £ ® (001 ©
2 £ [0 kOl*
Z 0 ) 1
8 M 35 36 37 i
= ® (degrees) $
0 RN [
0 5 10 15 o [400]* o 1[h00]*
Temperature (K) (d) 2
b
® _ 14 —T I S 3

3 . g
é CeAgSb, =
s TAS-2 z
2. %
o 2 5
z 8 <

k] o
‘E of [ d . - =0
& 44 45 46
= e |, Ly, L, /

0 5 10 15
FIG. 5. Magnetic scattering from a single-crystalline sample of
CeAgSh is searched for, along some high-symmetry axes ind@he
FIG. 4. Temperature dependence(a¥ (101 and (b) (110 re-  (hhl), (b) (h0l), and(c) (hk0) planes denoted by the arrows and
flection intensity in CeAgSp The insets show the scattering pro- gray region.(d) Typical constant-energy scan alopitQl ].
files below and abové .

Temperature (K)

L L profile along (10) is shown in Fig. &d). We also performed
peaks within the accuracy range of the statistical error of th% mesh scan on théQl) scattering plane, as shown in the
backgromir;dv4000= 63 counts, which roughly corresponds . icheq area in Fig.(B). However, no antiferromagnetic or
to 5X 10 “ of the (101) ferromagnetic intensity. This result spin-density wavéSDW) peak was detected
rules out the possibility of a primitive antiferromagnetic '
component in the order of 0.4kX\5x10 2
=0.09ug/Ce. If we assume a long-wavelength antiferro-  Figure 6 shows the neutron inelastic-scattering spectra on
rrllag.netlc modulatmrM with 2N spins in a penod,.th.e inten-  the polycrystalline sample of CeAgSbAt T=4 K, we ob-
sity is proportional to #/N)*, hence the upper limit of the gered conspicuous excitation peaks at the neutron energy
modulation s, roughly spe.akmg, on the order of 0.0%ansferAE=1.9 and 5.9 meV, respectively. Tledepen-
.X('\II/M)MB/.S’E" This val_ue is also much sr:nalle(; than ;hedence of the intensity of these peaks is more or less consis-
in-plane antiferromagnetic component on the order ag tent with the square of thefdmagnetic form factor in the

expected from the magnetization measurements. Cée** ion. This means that these inelastic peaks are due to
The neutron elastic-scattering experiments have also been . o i
agnetic excitations. On elevating the sample temperature to

carried out using a single-crystal sample. We observed stro ) L
9 9 y P =12 K, just aboveT.=9.6 K, the excitation peak at 1.9

ferromagnetic scattering at thi#01) and(110) nuclear peak . : . ;
positions. The temperature dependence plots ofth®) and ~ M€V disappeared. This means that this peak is due to the
(110 peak intensities are shown in Fig. 4. The peak intensityPPin-wave excitation. The 5.2 meV peak, which corresponds

clearly exhibits a nature of the ferromagnetic order parametdf the 5.9 meV excitation at 4 K, survived in the paramag-

with ordering temperatur.= 9.6 K. This is consistent witn Netic state, although the peak became weak and broad. At a

the previous results” The (101) and(110 scattering profiles Much higher temperaturd =60 K, the excitation peak

are also shown in the inset of Fig. 4. These results for #Preads outin a wide energy range. Fromand temperature

single-crystalline sample were consistent with the results fof€pendence, we concluded that the 5.2 meV peak is due to

the polycrystalline sample. CEF excnauon.. In' addition to these clear excitation peaks, a
An antiferromagnetic peak was searched for in the case ofery weak excitation abAE=12.5 meV was observed at 12

the single-crystalline sample. Although the diffraction ex-K. &s shown in Fig. 7. Recently, these two CEF excitations

periments with a single crystal presents a much higher serWere also observed by Adrogt al. on a HET spectrometer

sitivity with low background, no trace of the antiferromag- &t ISIS, independent of our wofR.

netic peak was observed in the accuracy rangexo18 2 of The CEF Hamiltonian for the tetragonal symmetry can be

the (101) ferromagnetic peak along some high-symmetry€Xpressed as

axes on the tghl), (hOl), and h©kO) scattering planes, as

shown in Figs. &), 5(b), and Zc), respectively. The sensi-

tivity was 0.02ug/Ce. A typical example of our scattering

C. Magnetic Excitation

Heer=B509+ B0+ B30;, 2
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4

. . —_ ) alE5/2> + biE3/2>
CeAgSb, r ;
4K ] 12.5 meV
e g=1227A" -
2F o q=38994" —
5.9 meV 5.2 meV
=
£ 5 |-1/2> -
£ : ) [£1/2>
S 2 . . [+1/2> —L—" |
? ~
5 f;ﬁg‘q’bz | T<Te Te<T a~1,1bl«1
£ _ 51
p= ¢ q=12274 FIG. 8. CEF level scheme of CeAgShietermined by the
E L present neutron-scattering experiments. The charge distribution of
z each level is also shown at the right-hand side of the level scheme.
"‘; 0 ! ! ITe)= i3>. (5)
> 2 | | 2
5 gg?{ngz Therefore, the observation of two CEF excitation peaks is
= o 4= 1207 Al | reasonably understood in terms of the excitation between the
L o 3;3'899 Al ground state and the two excited levels.
’ The neutron-scattering cross section for CEF level split-
ting can be described as
0 : : S(q,0)|f(q)]? nJ, Im?8(w—Anm), (6

AE (meV) wheref(q) is the magnetic form factop,, is the population

FIG. 6. Inelastic neutron-scattering spectra measured for a polyof statem, andA .= E,— E, is the energy splitting between
crystalline sample of CeAg$b statesn andm. The data in Figs. 6 and 7 were fitted with a
Lorentzian line shape convoluted with the resolution func-
tion and Bose factor after subtracting an appropriate back-
ground of phonon spectra. From the obtained excitation en-
ergy and integrated intensity, we tried to reveal the CEF level
scheme.

The key point is the strong first excitation and very weak

5 second one. This situation can be understood in terms of the
r®)=a i§> +b I§>, (3 |+1%) ground state with the first and the second level domi-
nated by|+3) and|*3) states, respectively, as shown in
Fig. 8. In the level scheme, we observe the strong first and
> ] 5> weak second excitation peaks, becayse;|Jy,|=3) is

where B]' and O' are CEF parameters and Steven's
operators® respectively. In CEF with tetragonal symmetry,
the J multiplet of the C&" ion splits into three doublets,

(4 nonzero and(*3|J.,,/=3)=0. The ground-state level
should bg = 3) because the in-plane susceptibilityt { c) is

3 , . . . , : larger than the out-of-plane susceptibilityl|(c). The mag-

netic moment of the ground statg;ugJ,=0.428ug, is in

CeAgSh, o q=12274" good agreement with the observed ferromagnetic moment of

12K 0 q=3899A" 0.41ug.

The mixing parametera andb were estimated from the
ratio of the integrated intensity of two CEF excitation peaks
asa=0.98 and|b|=0.22. The charge distribution of each
o8 $ 0 f g state is also shown at the right-hand site of the level scheme.
The mixing of |+=3) and |+ 3) states is so small that we
cannot distinguish which stat&€{" or I'?), is the first- or
second-excited level. The sign of CEF param@&rin turn,
0 ' ' ' G was not determined. The CEF parametBfS are listed in
Table Il. The CEF level scheme determined by the present
neutron-scattering study is very similar to the result of the

FIG. 7. Inelastic neutron-scattering spectra around 12 meV mea€cent thermal-expansion study conducted by Takeuchi and
sured for a polycrystalline sample of CeAgSb co-workers®

3
r'y—=gl+=
| 7> a—2

L N _
o

Intensity (103 Counts/56.7 Mmon. ~30 min.)

AE (meV)
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TABLE 1l. CEF parameter determined from the neutron- 3.0
scattering experiment. CeAgSb,
BY B B}
7.6x0.3K —0.06+0.04 K +0.7+0.1 K

AE (meV)

This level scheme reminds us of the quadrupolar splitting
in nuclear quadrupole resonan@¥QR). From the analogy
of NQR, the level splitting indicates the existence of the
uniaxial field gradient at the Ce site. Consequeniy)
which has the uniaxially elongated charge distribution, as
shown in Fig. 8, becomes the ground state. A similar CEF
level scheme can be observed with hexagonal point symme- FIG. 10. Dispersion relation of the spin-wave excitation in
try which indicates the uniaxial nature. CeAgSh. The solid line shows the calculated dispersion curve with
The ground state splits into two singlets witlh 2 2T, Egs.(8) and(9).
below T, which is consistent with the slight increase of the
excitation energy, 5:95.2=0.7 meV~T,, as shown in Fig. 1
8. & ¢ g Hin=— 2, | 159837+ Elfj(JﬁJj‘Hi‘Jf) .
The spin-wave excitation has been measured with the use v
of a single-crystalline sample. Typical constangpectra are Wherelizj (Iﬁj) is the exchange energy far(x,y) component
shown in Fig. 9 for severaj along[h00]. We observed a of angular momeni, J*¥?is x,y,z component of], respec-
clear spin-wave excitation fakE<3 meV. Figure 10 is the tively, andJ*=J*+iJY. The spin-wave dispersion relation
dispersion relation of the spin-wave excitation along theis obtained from Eq(7) as
[hhh], [00], [hOO], and[hhO] directions. The anisotropic

A z A
[hhA] [00/] [00] [A~10]

exchange interaction betweenf-homentsJ; in the T’ 9
groundgstate for the ferromagnet is introducclad to accoﬁnt for o=At E[Il(o) Lt ®)
the dispersion. The Hamiltonian for this model is described
as A= 140 -914(0)], ©
T
CeAgSh, | wherel?(k) andl+(k) are the Fourier transforms <bfj and
1“;?{1 Iﬁj , respectively. The solid line in Fig. 10 is the calculated
h=20  (00) dispersion relation with Eq$8) and(9). We regard the crys-
tal structure as body-centered tetragonal for simplicity. The
1.0 exchange interactioh’s, up to 9th neighbors, were taken
2 into account for the calculation, as shown in Fig. 11. The
§ I>’s obtained by fitting dispersiot?(0) andl+(0) are listed
;, in Table Ill. The value of*(0) is one order larger than that
g of 1+(0), indicating anisotropic interaction. As clearly seen
= from Table Ill, exchange interaction is ferromagnetic, con-
& sistent with the simple ferromagnetic structure. Although the
é value ofl is negative, this component is trivial for the mag-
3 netic structure.
S osf
g IV. DISCUSSION
=
ﬁ The results of our neutron-scattering study, i.e., the ab-
sence of an antiferromagnetic/SDW peak and the spin-wave
dispersion which is explained by the ferromagnetic interac-
tion, clearly indicate that CeAg$hhas a simple ferromag-
netic ordering. To date, however, a noncollinear canted anti-
ferromagnetic structure has been proposed because of several
“unusual” properties that were interpreted as characteristic
0.9, ' ' ' ' 5 ' ' properties of the antiferromagnetic component. In this Sec-

tion, we note that these unusual properties can be explained

in terms of the CEF level scheme and the simple ferromag-
FIG. 9. Spin-wave excitation spectra in CeAgSBhe data are  netic structure ordered with anisotropic exchange interaction.

shifted vertically for convenience. The total Hamiltonian consists of the following terms:

AE (meV)
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FIG. 11. Exchange interactions for the analysis of the spin-wav

dispersion relation.

H=Hcer9imB E HJ* =g ug 2 haquﬁ-
a=X,y,z a=X,Y,zZ
(10
The first term is the CEF Hamiltonian given in EQ) and

PHYSICAL REVIEW B8, 024408 (2003

500 : : : :

1% (emu/mol)'1

w 1
0 100 200 300

Temperature (K)

FIG. 12. Temperature dependence of magnetic susceptibility.
The broken lines show the susceptibility calculated with the CEF
Hamiltonian and the solid lines shows the susceptibility calculated
with Eq. (10).

éaw at high temperatures, and shows an anomalyT at
=9.6 K, associated with the magnetic ordering. Surprisingly,
X| is much smaller thary, , although the ferromagnetically
ordered moment of Ce is parallel f601] . The dotted lines
show the magnetic susceptibility in the paramagnetic state,
calculated with the CEF Hamiltonian using CEF parameters,
as shown in Table Il. These lines are basically the same as
those reported by Takeuckt al® and Inadzet al.’ although

the second term is the Zeeman term, while the third ternihe CEF excitation energy is slightly different. The calcu-

describes the anisotropic exchange interaction given in Edated susceptibility at higher temperatures is consistent with
(7) in the form of the mean-field approximation. The angularthe experimental results, but the discrepancy becomes larger

momentum operatal® within I'q subspace is described as &t lower temperatures. This discrepancy is due to the ex-
6 change interaction between Ce moments. The solid line in

Fig. 12 shows the susceptibility calculated after including the
anisotropic exchange interaction, as in EtQ). The agree-
ment of our calculation with the experimental data is excel-
lent. Perpendicular susceptibiligy, , larger than the parallel

It = o}GJaoFG, (12)

where Oy, is a projection operator to thEg ground state,

given by one (xy), is characteristic of thé+3) ground state because
1 1 1 1 this state has larger in-plane componentslpfind J, than
OFGZ +§><+§+‘—E><—E‘ (12) J,.
When the exchange interaction has a strong Ising charac-
Molecular fieldh is described as follows: ter \,>\,), the magnetic ordering of thecomponent,],,
can take over the ordering of the in-plane componéptnd
h*=N*YM*) =g ugh*(I%). (13 J,. Inthis case, the expected values(3f) and(J,) should
Mean-field parameters \*Y=14 mollemu  and \? be quantum mechanically zero, hence there is no possibility

of the canting structure associated with the in-plane antifer-
aE}o_magnetic component.

It is particularly interesting and challenging to reproduce
the CEF potential by self-consistent band calculation, which
might also give an answer for the Ising character of the ex-
change interaction in CeAgshb

Figure 13 shows the magnetization curves for the fields
parallel (H|) and perpendicularH,) to [001]. Magnetiza-

=167 mol/emu were estimated from(0) and1%(0).

Figure 12 shows the temperature dependences of the m
netic susceptibilities parallel{) and perpendiculary,) to
[001]. The magnetic susceptibility follows the Curie-Weiss

TABLE lIl. Exchange interactiod, in CeAgSh.

I 18+4 peV Is 72 ueVv

ﬁ 31+3 ,Zev |f 541 Zev tion for H; shows a sharp ferromagnetic hysteresis curve

|i 5+2 peV II —9+5 yeV with the spontaneous moment of @4, while the hard-axis

If 5:3 oV Iﬁ ~6 Y magnetization increases witth, more than the spontaneous

4 oK N # moment along[001], and saturates at 1.3 for H>3 T.

Is ~0 peV A 500 peV o ; . . )
Historically, the existence of a large antiferromagnetic com

12(0) 3.95+0.04 meV 1+(0) 0.33+0.04 meV  ponent has been speculated from these magnetization curves.

However, these magnetization curves can be explained with
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T T T T T T T T T T
CeAgSb
CeAgSh, 3L °q eAgsb,
g | T=2K H //1100] <M,>=0
a 1.0 -
=
! S
% = <Mp>=#0
2 o1} ] .
L et e e T o (H//[100]) SQUID
= a (H//[110]) NS
i ] A (H//[100]) NS
ol L % 5 10

Magnetic Field (T) Temperature (K)

FIG. 13. Magnetization curves for the fields parallel))Y and FIG. 15. Critical fieldH (T) for the field perpendicular t001].
perpendicular i, ) to [001]. The solid lines show values calculated 1€ SOlid line showsd, calculated using EG10).
with Eq. (10). , .

the field where the ferromagnetic moment switches its direc-
Eq. (10), which implies a simple ferromagnetic ground state.tion from parallel to perpendicular, relative {601]. This
The larger magnetization perpendicular to thexis is char- ~ Switching corresponds to the crossover of the ground state
acteristic of ground statier 1). In the |+ %) ground state, a from |+3) to the linear combination df+3). It is the rea-
large in-plane componedy, , can be induced with the appli- SON yvhy a kln_k iS observgd in the magnetization curve for
cation of HL . Meanwh”e, the easy_axis magnetization the f|6|d' dlrgctlon perpend|CU|ar t@O].] Furthermore, these
shows no gradual change wity but sudden change is ex- Magnetization curves can be understood in terms of H).
pected at a much higher critical field~110 T, where the Critical field H(T) can also be explained by the same
crossover of the ground state takes place due to the Zeem&tMiltonian, as shown by a solid line in Fig. 15.
energy? Metamagnetic transition driven by the rotation of the

The in-plane magnetization curve, with the application ofquadrupole moment has been reported in Broy Settai
H|| [100], shows a saturation tendency above critical fieldet al.™® On the contrary, quadrupole mome®§ in CeAgSh
H., denoted by arrows in Fig. 14. Critical fiel, decreases has a finite expected value even in the paramagnetic phase,
with increasing temperature. In Fig. 18,(T) is plotted as a  and in the ferromagnetic staf@9) stays almost constant
function of temperature. below and abovél(T). Therefore, the quadrupole moment,

The closed marks in Fig. 14 show the ferromagnetic moin the case of CeAgSb is not important to the magnetiza-
ment along[001], with the magnetic field parallel tf110]  tion process of this compound.
measured from the neutron diffraction intensity at (h&0 Adroja et al!® reported that the magnetostriction along
peak position. With this configuration, the in-plane magneti-the field direction perpendicular §®001] exhibits a broad
zation does not contribute to any magnetic scattering, bepeak around critical fieldd.. This broad peak is also ex-
cause the induced in-plane magnetic moment is parallel tplained by Eq.(10). The magnetic contribution to the strain
scattering vector. Therefore, only the ferromagnetic com- is expressed as follow?S:
ponent alond001] is observed.

The ferromagnetic component alof@01] exhibits a
gradual decrease with increasing in-plane magnetic field, and
disappears at critical fielth ., where the in-plane magnetic Perpendicular fieldH,) dependences ¢fO3) and(03) are
moment shows a kink behavior. Our data indicate thats  plotted in Fig. 16. The expected valugdd) increases

8xx:Axx<Og>+ Bxx<og>- (14

1.0 —_—

— CeAgSb,

] [ T=2K

= & 05+ H//[100]

= 9 [

= v L

g S [ T

E T o

2 - H,

= r 0
L <05>

-8.0 .

0 5

Magnetic Field (T) Magnetic Field (T)

FIG. 14. In-plane magnetizatioM(L ¢) and the ferromagnetic FIG. 16. Magnetic-field dependence of the expected value of the
moment M||c) are plotted as a function of magnetic field perpen- quadrupolar operato(log) and(Og) at 2 K for the field along tha
dicular to[001]. axis.
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smoothly with the field, whilgO2), which is zero without ~€lastic neutron scatterirfg. Moreover, the relatively large
H, because of the tetragonal symmetry, shows a kirtkat ~ Specific coefficienty=46 mJ/K; mol also suggests the exis-
Therefore, the kink observed by Adrog al. is caused by tence of the Kondo effect. However, we are unsure whether
the second term of Eq14). the Kondo effect could exist in a ferromagnetic localizefd-4

Inada et al® reported that specific heaE(CeAgSh)  System without moment reduction.

—C(LaAbSh), showingT3?2 dependence at low tempera- !N conclusion, our neutron-scattering study revealed the
tures, below 1.5 K, is consistent with the ferromagnetic spirfrystal structure, crystalline electric-field level scheme, and
wave. the simple ferromagnetic structure of CeAgShhe crystal

It should be noted that CeAg$kexhibits a huge resistiv- Structure is described by Sologub’s model. The CEF level
ity drop of the order of 10° belowT,. Since the resistivity Scheme consists of the- ) ground state and the first and
drop is accompanied by the magnetic ordering, it is clear thasecond excited levels dominated by3) and| = 3), respec-
this phenomenon should be explained with a scenario basdtyely. We showed that the magnetic properties of CeAgSb
on a weakp-f mixing between localized#electrons in the can be well understood in terms of the ) ground state
|,=* %) doublet andp electrons orp, and p, orbitals of with anisotropic ferromagnetic exchange interaction.

SK~ ions at SK2) sites.

The huge resistivity drop, such as at a metal-insulator
transition, associated with ferromagnetic ordering, is remi-
niscent of, for example, the double-exchange mechanism in The authors would like to thank T. Takeuchi, T. Takimoto,
Mn compounds. It will be satisfying when the resistivity K. Kubo, Y. Inada, and K. Sugiyama for stimulating discus-
drop belowT, and the strong anisotropic interaction can besions. We also thank Y. Koike and K. Kaneko for their tech-
explained consistently by the-f hybridization based on the nical assistance. Part of this work was financially supported
simple CEF level scheme with ground state3) andp, by a Grant-in-Aid for COE Researdd0CE2004 from the
orbitals. The occurrence of the Kondo effect witfy Ministry of Education, Culture, Sports, Science and Technol-
=80 K is suggested by the results of thermopower and inegy of Japan.
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