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We have studied the thermal and magnetic properties of a single crystal of CeAg8bh has a small net
magnetic moment of about Q4 below the ordering temperatuig,,=9.7 K, by means of specific heat,
thermal expansion, and magnetization measurements. The magnetic part of the specific heat shows a broad
peak around 30 K, and the magnetic entropy reaéhkes4 at about 50 K. This indicates that the first excited
doublet is situated at about 50 K from the ground state. In addition, the thermal expansion along the tetragonal
[001] direction exhibits a clear negative peak around 25 K, which is also attributed to the magnetic excitations
between crystalline electric fielCEF) states. These data, together with the anisotropic magnetic susceptibility,
were analyzed on the basis of a CEF model, and splitting energies from the ground state to the first and second
excited states were estimated to be 48 and 140 K, respectively. Furthermore, the anisotropy in the high-field
magnetization was well explained by the present CEF model with the same parameters, where the saturation
moment forH|| [001] is found to be determined by the value @f], of the ground state.

DOI: 10.1103/PhysRevB.67.064403 PACS nunt§er71.20.Eh, 65.40.Ba, 65.40.De

I. INTRODUCTION point, a non-Fermi-liquid character and/or unconventional
superconductivity have been found, and stimulating experi-
Cerium intermetallic compounds often exhibit competi- mental and theoretical studies are in progress to clarify the
tion between the Ruderman-Kittel-Kasuya-Yosid®KKY) interplay between magnetism and superconductivity.
interaction and the Kondo effect, which leads to unusual In addition to this competition, as often observed in ce-
ground states. Depending on the strength of the magnetitum Kondo systems, the CEF plays a significant role in
exchange interactiod.; between the conduction electr@@)  determining their thermodynamic and magnetic properties.
and 4f spins, either magnetic or nonmagnetic ground state¥he CEF analysis provides information about thevels and
are observed at low temperatures. Wherever the RKKY inthe wave functions of théelectron ground state involved in
teraction is dominant, the magnetic ground state is stabilizethe hybridization effect. The CEF analysis is a starting point
by the conduction-electron-mediated indirect exchange interfor theoretical analyses which extend beyond simple phe-
action between #electron moments. The actual magnetic nomenology. In addition, it was proposed that the CEF po-
structure depends on the anisotropy of the RKKY interactiortential is itself largely dependent on the hybridization be-
and the crystalline electric fiel(dCEP. tween the localizedrelectron states and the conduction band
With increasingl,;, the magnetic moments of the local- states which are responsible for the heavy-fermion behavior.
ized 4f electrons are screened by the spin polarization of the CeAgSh crystallizes in the tetragonal ZrCySiype
conduction electrons, resulting in spin fluctuations and a restructure P4/nmm) with lattice constants=4.363 A and
duced magnetic moment and transition temperature. A nore=10.699 A%3 The characteristic feature of this crystal
magnetic Fermi-liquid state with strong spin fluctuations isstructure is a sequential stacking of CeSbh-Ag-CeSb-Sb layers
established for largd.; beyond the critical value aod. at a  along the[001] direction, as shown in Fig. 1. The electrical
guantum critical point. In the vicinity of the quantum critical resistivity shows—InT dependence with decreasing tem-
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[001] dered_ and paramag_netic states indi_cate a single crystallo-
graphic and magnetic muon site. It is, however, extremely
difficult to discriminate between a simple ferromagnetic
Sb ferromagnetic net moment.
The low-temperature electronic state has been studied by
de Haas—van AlphefdHvA) experiments;'° and it was re-
Ce vealed that CeAgSbhas large cylindrical but corrugated
Sb Fermi surfaces with relatively large cyclotron masses of
Ag about half of the Brillouin zone, are in contrast to small
Fermi surfaces of LaAgSkand YAgSh which have a semi-
Sb two-dimensional electronic state in CeAgSbh
Ce As stated above, both the electronic and magnetic proper-

structure and a complex antiferromagnetic structure with a
(20-30)m,.2° These large Fermi surfaces, which occupy
metallic character. These dHVA experiments indicate a quasi-
ties in the single-crystal CeAg$lare not explained consis-

\ tently and not fully understood in spite of intensive experi-
- - Sb mental efforts. In order to get more insight into the low-
temperature electronic and magnetic properties in CeAgSb
we have performed measurements of the specific heat up to

[100] 80 K, the thermal expansion up to 250 K, and in magnetic
fields up to 8 T and high-field magnetization up to 50 T.

FIG. 1. Crystal structure of CeAg$bThe solid line represents

the tetragonal unit cell. Il EXPERIMENT

perature below about 100 K and has a maximum around 20 Single crystals were grown by the self-flux method, as
K followed by a rapid decrease beloW,;=9.7 K3 The described in Ref. 3. Starting materials were 99.9% pure Ce,
thermoelectric power of a polycrystalline sanfpéxhibits a ~ 99.999% pure Ag, and 99.999% pure Sb. The typical size
maximum centered around 80 K and a plateau near 20 KWas 8<5x3 mn?, being flat in the(001) plane. The re-
These transport properties are typical of Kondo lattice syssidual resistivityp, and the residual resistivity ratiegr/po
tems. In addition, preliminary inelastic neutron scatteringwere 0.19..Q cm and 430 for the currerd| [100], indicat-
measurements indicate a relatively high Kondo temperaturég a high-quality sample. The specific heat was measured by
Tk (~60-80 K) for this compoundOn the other hand, the the quasiadiabatic heat pulse technique in the temperature
magnetic susceptibility, magnetization, and heat capacityange from 0.5 to 80 K. The magnetic susceptibility and
measurements performed on a high-quality single crystal oflagnetization were measured by using a commercial super-
CeAgSh suggest that the 4 electrons are localized. For conducting quantum interference devi@QUID) magneto-
instance, magnetization measurements made on a singeter in the temperature range from 1.8 to 300 K and in
crystal of CeAgSh indicate ferromagnetic ordering below fields up to 7 T. The measurement of thermal expansion was
Torg-> However, this magnetization shows quite anomalousarried out by using a sensitive three-terminal capacitance
behavior: the magnetization for the field alof@01] indi-  Method in the temperature range from 4.2 to 250 K. The
cates a typical ferromagnetic response with a saturation m@ample was mounted in a parallel-plate capacitance cell
ment us~0.4ug, While the magnetization fof100] in-  made of oxygen-free high-conductivity copper and placed in
creases almost linearly up to 3 T and shows a saturatiof Superconducting magnet with a maximum field of 8 T. The
feature at higher fields, reaching 1,45at 5 T. Furthermore, high-field magnetization was measured by the standard
the magnetic entropy reaches am&in 2 at To.q.>° The pickup coil method in fields up to 50 T, which were gener-
relatively large induced-moment of 1,45 and the entropy ated by a long-pulse magnet to avoid eddy current heating of
change belowT .4 imply that 4f electrons in CeAgSbhare  the sample.
almost localized at low temperatures.

With regard to the magnetic structure in the ordered state, Il EXPERIMENTAL RESULTS
neutron powder diffraction experiments done by Anerel.
suggest that CeAgShis a ferromagnet belowl .=9.5 K
with the magnetic moment of 0.23 aligned parallel to the Figure 2a) shows the temperature dependence of the spe-
[001] direction (¢ axi9).® On the other hand, a simple ferri- cific heat in CeAgSh and its reference sample LaAgSh
magnetic structureand a complex antiferromagnetic struc- The data for CeAgSbhave a clear jump aT,4=9.7 K,
ture with a resultant ferromagnetic component al$@@l] showing a distinctive phase transition, while the displayed
(Refs. 3 and fare also proposed by bulk magnetic measuredata for LaAgSh are used for estimation of the magnetic
ments. From the recent muon spin relaxatiQtSR) mea- contribution to the specific heat of CeAgSkEven above
surement, Danret al® claim that a simple ferrimagnetic T4, the specific heat of CeAg$his obviously larger than
structure is not realistic, because the spectra in both the othat in LaAgSh, indicating that there is a significant mag-

A. Specific heat
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© 0° ] respectively. The inset shows an enlarged figure at low tempera-
I 1 tures.
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0 20 40 60 80
Temperature (K) change abové .4 suggests that the magnitude of the energy

A, is about 50 K, because the entropy attains a value of
FIG. 2. Temperature dependence of the specific heat of a singlRIn 4 at about 50 K.

crystal of CeAgSp (circles and LaAgSh (triangles (2) and mag- From the spin-wave theory, the temperature dependence
netic specific healnag 0f CeAgSh (b). The solid line in panetb)  of the magnetic specific heat for ferromagnets and antiferro-
is a fit using the CEF modédbee text magnets is proportional td%? and T2, respectively, in a

temperature range beloW,4. The solid line in Fig. 4 is the

netic contribution derived from G& ions aboveT,q. The fitting curve with the form ofC .= yT+AT?, where y
magnetic specific hed .= C(CeAgSh) —C(LaAgSh) is =46 mImol *K™? and A=14 mJmol *K™*, assuming
plotted in Fig. 2b). A broad peak centered at about 30 K is spin-wave excitations in the antiferromagnets. The fitting is
found aboveT .4, which is associated with the Schottky ex- rather good below 5 K. On the other hand, the theoretical
citations arising from a CEF splitting of the Hund's-rule curve for ferromagnetic excitations can fit to the experimen-
ground-state multiplet. The solid line is the calculated magtal data only below 1.5 K, as shown in Fig. 4 by a dashed
netic specific heat based on a CEF model, which will beine. The ferromagnetic excitation below 1.5 K is consistent
discussed later. with the ferromagnetic ordering beloW,.° It is interesting

The temperature dependence of the magnetic entropthat the ferromagnetic spin-wave excitation was observed
Smag: Which is obtained by integrating the magnetic specificonly well below T4
heat divided by temperatuf@,,,¢/ T, is shown in Fig. 3. The
magnetic entropy reaches almd®tn2 at T4, indicating B. Thermal expansion
that the ground state in the CEF scheme of th&'den is a o )
doublet. AboVeT og, Smag gradually increases and reaches The temperature variations of the thermal expansion of

RIn4 around 50 K. In tetragonal symmetry, the degenerat&©A9SR along [100] and [001] are shown in Fig. 5. The
sixfold levels of the ground-state multiplet of Tesplitinto  thermal expansion alor{g.00] gradually decreases with low-

three doublets, andl, andA, are the excitation energies for ering temperature in the whole temperature range measured,

the first and second excited states, respectively. The entrofj<CePt for & weak anomaly @}, as shown in Fig. &). In
ontrast with the above features[it00], the thermal expan-

sion along[001] shows an unusual temperature dependence.
' ' ' ' ' ' The thermal expansion alof@®01] has a broad minimum
000000 around 60 K and increases for further decreasing temperature
with a clear kink atT,q. If the thermal expansion is com-
10F Rin4 posed of only the lattice contribution, it will only decrease
monotonically with decreasing temperature. The negative
thermal expansion fdi001] indicates the presence of a sub-
5L ] stantial magnetic contribution associated with®Céons at
Rin2 low temperatures. Recently, Adrogt al** reported similar
results of the thermal expansion measurements on a single-
0 ‘ 1 . . . 1 . crystal CeAgSh and suggested that the magnetic contribu-
0 20 40 60 30 tion is due to the CEF effect.
The temperature dependence of the thermal expansion co-
efficient @, which is defined bya=d(A€¢/€)/dT, and the
FIG. 3. Magnetic entropyBy,4in CeAgSh. specific heat divided by temperatu@T are shown in Fig.

15
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FIG. 5. Temperature dependence of the thermal expansion a|°'Erdering temperature can be estimated from the Ehrenfest
[100] and[001] in CeAgSh (a) and expanded data at low tempera- rg|ation by using the values af andC/T as
tures(b).

VmAaV

A(CIT)"

dTog/dp= 1)

6. Clear positive and negative peaksaofvere observed for

[100] and[001], respectively, at the same temperature, where

the specific heat exhibits the magnetic transitionTgly  whereV,, is the molar volume, and oy, and A(C/T) are

=09.7 K. The initial slope of the pressure dependence of thehanges of the volume thermal expansion coefficient and the
specific heat divided by temperature beldyy. By using

: : the experimental values &f,,=1.226< 10 * m*/mol, Ay,

© L =-2.6x10°K™1, and A(C/T)=1.65Jmol 1K 2, we
XM obtain thedT,,4/dp as —1.9 K/GPa. This value is compa-
5 rable to the values of~—0.95 K/GPa (Ref. 7 and
g 1 ~—1.5 K/IGPa(Ref. 12 estimated from pressure studies on
I the ac susceptibility and the electrical resistivity, respec-
© tively. The minus sign irdT,4/dp means a suppression of
0 Torg Under pressure, being consistent with hydrostatic pres-
0.6 sure experiments!? The opposite change in at T4 Sug-
gests an opposite pressure dependendg,gfvhen the pres-
041 sure is applied uniaxitially; that isT .4 will increase and
=~ ool decrease under uniaxial pressure alpb@0] and[001], re-
Mo spectively.
""g 0 ) Next we show in Figs. (& and 7b) the temperature de-
= pendence of the thermal expansion coefficiantip to the
-1 maximum temperature measured f00] and[001], respec-
Ll tively. At high temperatures, the thermal expansion coeffi-
cients for both directions show a Debye temperature depen-
3k dence, characteristic of the phonon contribution. Below 100
Y o // [001] K, a for [100] decreases rapidly down to 4.2 K except for
-40 ' '0 ' 20 the sharp peak af,,4, while for [001], « shows a distinct

negative dip at about 25 K, where the Schottky excitation
peak was observed at about 30 K in the magnetic specific
FIG. 6. Specific heat divided by temperat®éT (a) and low-  heat as shown in Fig. 2. This is in agreement with the sug-

temperature thermal expansion coefficierfor [100] and[001] (b) gestion that the negative dip in| [001] is due to the
in CeAgSh. Schottky excitations between the CEF levels.

Temperature (K)
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FIG. 8. Temperature dependence of the thermal expansion coef- FIG. 9. High-field magnetization curves at 1.5 and 20 K
ficient along[001] in magnetic fields alon§001]. [100] and[001].

In order to examine the magnetic field eﬁeCt, the iSOﬁE|dabout 04‘LB . Furthermore, the magnetization at 20 K in-
thermal expansion alonf001] was measured in the field creases almost linearly and exceedsu@.4n the field above
parallel to[001]. The result is plotted in Fig. 8. The peak 36 T. The reason for this crossing of the magnetization
height atT,q4 is rapidly suppressed by applying the magneticcyrves will be discussed later.
field, while the peak position is only slightly shifted to higher Figure 10 shows the differential magnetizatidivi/dH
temperatures—namely, frofi,(H=0)=9.7 Kto 11.5Kat  for H|| [100] at several temperatures. A steplike anomaly in
8 T. AboveT,q, the temperature variations afin magnetic  the dM/dH curves corresponds to a slope change in the
fields are similar to the zero-field data. It is, therefore, C|earmagnetization as seen in Fig. 9. This anomaly shifts to lower
that the origin of the broad negative peak is hardly affectedields with raising the temperature and disappears at 10.1 K
by a magnetic field as high as 8 T. which is just above 4. The transition fields are determined
at the midpoint of the anomaly as shown by arrows and
plotted in theH-T space as shown in Fig. 11 by open circles.
Open squares represent the magnetic field values where the

The magnetization of CeAgglbelow 7 T was measured  magnetization isotherm alorfd00], measured by a SQUID
by a SQUID magnetometer. The magnetization at 2 K along

[001] saturates at a very low field with a saturation moment : . - . - .

C. High-field magnetization and magnetic phase diagram

of about 0.4«g and remains nearly constant up to 7 T. When CeAgSb,
the field is removed, it has a remanent magnetization of l H// [100]
0.4ug. On the other hand, the magnetization aldog1]
increases almost linearly up to about Ag2around 3 T and l

T=17K

slowly increases at higher fields. These values are in good
agreement with a previous studifo understand this anoma-
lous magnetization curve, we have measured the high-field
magnetization by using a long-pulse magnet. The high-field
magnetization curves for both directions at 1.5 and 20 K are
shown in Fig. 9. The magnetization alof$00] at 1.5 K

42K

% 6.0K

dM/dH (arb. units)
.\]
=)
=~

increases linearly but suddenly changes its slope at around 3

T. For further increasing the magnetic field, the magnetic M 8.0K
moment gradually develops up to 50 T, reaching L§%t l

the maximum field. It is clear that higher fields are necessary M 90K
to saturate the magnetization felf| [100]. This characteris- ‘q

tic feature is typical of an antiferromagnetic compound. At 10.1K
20 K, which is aboveT 4, the kink in the magnetization at T T R —"
1.5 K disappears, and the magnetization increases monotoni- Magnetic Field (T)

cally to 1.57g at 50 T. The magnetization alori§01] is
more intriguing. The magnetization at 1.5 K remains nearly FIG. 10. Differential magnetization curves for the field along
constant at high fields, showing a saturation moment of100] in CeAgSh at selected temperatures.
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g “r 7 — 40| 50} 1
2 3
2 1 B ] 20 - 0 1 T
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0 1 ‘ 0 . 1 1 .
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Temperature (K) Temperature (K)
30
FIG. 11. Magnetic phase diagram in CeAgS®pen circles and
squares are the transition fields fét|| [100] determined from
pulsed field(Fig. 10 and SQUID magnetization measurements, re-
. L . = 20F
spectively. Solid triangles represent the transition temperatures for E
H|| [001] determined from the isofield thermal expansion data a )
shown in Fig. 8. =
Q 10 -
magnetometer, changes its slope. These transition points can
be traced by one line which is connected smoothlyT ¢,
=09.7 K at zero magnetic field. This means that these transi- 0 : : ! :
. . 2 0 100 200 300
tions in the magnetization alori@00] are related to the mag- T .
netic ordering afl 4. emperature (K)

In contrast teH|| [100], the transition temperature slightly £, 12, Temperature dependence (ef the specific heat in
shifts to a higher temperature when we apply a magneti¢aagsh, and (b) electrical resistivity in YAgSh (after Ref. 3.

field along[001] as shown by solid triangles. This behavior sojid lines show the theoretical curves based on the Debye model
of the transition temperature in the magnetic field seems tQjith ©,=196 K.

be consistent with the ferromagnetic transitionTafy.>® It

is, however, not clear why the magnetization curve as well as . i

the magnetic phase diagram shows different characteristic]s1 In O“’?T to estimate the value 6fp, we f'ttgd Eq.(3) to

depending on the crystallographic axis. the specific h_gat data of LaAgslas shown in Fig. 1@).

Over all specific heat data of LaAgsis well expressed by

Eq. (3), and the Debye temperature is thus estimated to be

196 K. By using the same Debye temperature, we calculated

A. Estimation of the lattice contribution to the thermal the temperature dependence of the resistivity by using the
expansion expression

IV. ANALYSES AND DISCUSSION

In order to analyze the thermal expansion coefficient, we
should know the temperature dependence of the lattice con-
tribution which is expressed by the Debye function. Accord- _ s (€T X
ing to the Grueisen relation, the thermal expansion coeffi- P(T)=po+ AT 0o (ef—1)(1—e %) dx, (4)
cient is related to the specific heat as

5

_I'Cy 5 wherep, is the residual resistivityl is a numerical constant,
YT BV @ and the second term is due to the phonon-assisted electron
. scattering. As shown in Fig. 18), p(T) for YAgSh, (Ref. 3
wherel" is the Grweisen parameteBy the bulk modulus, * s \ell described by Eq4) with ®,=196 K. We have used
and Cy the specific heat at constant volume. This equationpjs yalue as the Debye temperature for the lattice contribu-

means that the temperature dependence of the thermal expaf, 1 the thermal expansion, although this value is slightly

sion is approximately the same as that of the specific hea.‘%maller than the previously reported values@g=249 K

On the basis of the Debye model, the lattice specific heat '?Ref 5 and 220 K (Ref. 10 estimated from the low-

given by temperature specific heat data.
T\3 (0T x4 B. Crystalline electric field analysis
Cv=9Nks ®_D fo (ex_l)zdx’ ) The specific heat and thermal expansion coefficient show

broad peaks with a long tail towards higher temperatures as
whereN is the number of atomsg the Boltzmann constant, shown in Figs. 2 and 7. These features are probably due to
and @ the Debye temperature. the Schottky excitations between the CEF levels of 'Ce

064403-6
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ions. We analyze these data, together with the magnetic sustereB}' and O}' are the CEF parameters and the Stevens
ceptibility, on the basis of the CEF model as follows. Theoperators, respectively:** Due to the CEF effect, the
CEF Hamiltonian for tetragonal symmetry can be expressedixfold-degenerated 4 levels are split into three doublets
as with excitation energied; and A, from the ground to the
first and second excited states, respectively. In this case, the
Heer= B03+BJ03+B;03, (5)  Schottky specific heat can be written as

R | e@1t82/keT{—2A A, +AS(1+eb1/keT) + Af(1+e2/keT)}
Cooh= (kgT)2 (eb1/kaT 4 gh2/keT 1 g(A1+A7)/kgT)2 . 6
|
The magnetic contribution to the thermal expansion coef- xi 1= (xbep T (10)

ficient can be estimated from the following equatin

The CEF parameters were determined so as to reproduce
)((OQE)—(OQ)(E)) the specific heat and thermal expansion as well as suscepti-
bility data, which are in agreement with the preliminary re-
sults of inelastic neutron scattering experiméenitShe solid
D punE e EnlkeT lines in Figs. 2, 13, and 14 show the calculated curves by
1 n using the CEF parameters listed in Table |I. The magnetic
=Bi( " TZ) 7 specific heat abové,, 4 is well explained by the CEF model
B as shown in Fig. 2. Furthermore, the estimated energy split-
E CE T CE et ting A;=48 K is consistent with the entropy change shown
. fn€ "B En) Ene e in Fig. 3, since the magnetic entropy reacliels 4 around
— , 7 50 K.
- - " As regards to the temperature dependence of the thermal
where u,, is defined by<n|03|n>, E, and|n) are thenth expansion coefficient, characteristic features can be ex-

eigenvalue and eigenfunction, respectively, and
=>,e En/keT B, (i=[100] and[001]) is a fitting parameter

1

Aeer= Bi( T2
B

1.5 CeAgSb,

for the principal axis. The total thermal expansion coefficient
above the ordering temperature is expressed by the sum of - ¢ T
the lattice and magnetic parts as wo1f e J
i i i - E / | @
Qota™ UatticeT™ @cer (i=[100] and [001]). (8) i~ 0s /
L / i
The lattice contributiony,.. is calculated on the basis of ' [ Foee o.// [100]
Egs.(2) and(3) with ® =196 K, where [/B;V) in Eq.(2) I
is assumed to be constant and treated as an adjustable param- 02« = ' S W—
eter for each axis. The CEF contributien.¢ is calculated L

on the basis of the Gneisen relatiofEq. (2)] by using

Csch- This result is same as that obtained from EA. ”; 0
The CEF susceptibility is given by % Y /2 — (b)
_ 1 s
[ 2 . 2 -1
Xcer=N(9y18) Z(rr;n [(m|J;|n) o // [001]
— o Amn/kgT 2 . L ; L
LLoe ® e EnlkgT 0 100 200
A m,n Temperature (K)
+ i 2 |<n|J-|n>|2e’En’kBT 9) FIG. 13. Temperature dependence of the thermal expansion co-
kgT : ' efficient of CeAgSh along (a) [100] and (b) [001]. Dashed and

. dash-dotted lines show the magnetie-£p) and the lattice aice)
whereg; is the Landeg factor (6/7 for CE"), J; (i=X, Y  contributions, respectively. Solid lines are the sumagf,c. and
and z) is the component of the angular momentum, andu ... Fitting parameters arel'(B1V)(100=1.4X 10" " mol/J and
Amn=En—En. The magnetic susceptibility including the B;5=5.7x10"° for [100] and ('/B1V)goy=1.4x10"" mol/J
molecular field contribution is given as follows: andBjggy= —2.8X 104 for [001].
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500 : T : T : mental inverse susceptibility curve above 100 K becomes
CeAgSb e larger than that of the theoretical one.
400+ 2 o . . .
e TR 5 It is noted that CEF excitations in CeAgShvere ob-
- served by recent inelastic neutron scattering experiments.
% The present CEF level scheme is consistent with the ob-
£ 200 i served excitation energies of 5.1 meW%9 K) and 12.4
B | [ meV (~144 K). Furthermore, the small mixing between

| +=3/2) and|+5/2) states is also consistent with the fact that

the observed excitation intensity at 12.4 meV is very weak

compared to that at 1.5 mé¥From this analysis, it is found

T K that the CEF ground state in CeAgsSis |*+1/2), and the
emperature (K) first and second excited levels are dominated b®/2) and

FIG. 14. Temperature dependence of the inverse magnetic sub+5/2) states, respectively.
ceptibility in CeAgSh. Solid lines are the calculated curves based
on the CEF model. C. Magnetization based on the CEF model

100

= L 1 " 1 L
0 100 200 300

Next we discuss the magnetization on the basis of the

plained by th? calculated curves as s_hown in Fig. 13, aI'CEF model. The magnetization can be calculated by
though there is a small deviation at high temperatures for

[001]. This may be due to the simple estimation of the lattice ~En/kgT
contribution at high temperatures. The temperature depen- M;=g;ug>, |(n|Ji|n)| (i=x, y, and z).
dence of the thermal expansion coefficient under magnetic n Z (11

fields are also calculated by using the same parameters, and
itis found that they are hardly changed by magnetic fields URrhg eigenvalud,, and the eigenfunction) are determined
to8T. Th|s is also consistent v_wth the experimental results 8By diagonalizing the total Hamiltonian
shown in Fig. 8. It is interesting to note that the magnetic
contribution to the thermal expansion coefficient has positive H=Hegr— Oymedi(Hi +\M)), (12)
and negative peaks fdi100] and [001] directions, respec-
tively. Such an opposite magnetic contribution has also beewhereHcgr is given by Eq.(5), the second term is the Zee-
observed in tetragonal CeRRIR® One of the common char- man term, and the third one is from the molecular field. In
acteristics between CeAgsbnd CeRhlg is the quasi-two- Fig. 15, we show the calculated magnetization curves by
dimensionality in their electronic statésThis may be the using the same CEF parameters as in Table | and replot the
reason for the opposite magnetic contribution in the thermaéxperimental curves by thick solid lines which were already
expansion coefficient. shown in Fig. 9. FoH| [100], the calculated magnetization
As shown in Fig. 14, calculated susceptibility curves ap-shows a gradual increase up to about 100 T and almost satu-
proximately agree with the experimental results, althoughrates at higher fields. On the other hand, the calculated mag-
there are small differences above 100 K. The magnetic susetization for H|| [001] at 1.5 K indicates three steps as
ceptibility in CeAgSh follows the Curie-Weiss law in the shown in Fig. 18b). These step magnetizations are due to the
temperature range above 100 K, but the estimated effectivievel crossing in the CEF scheme. The magnetic field depen-
moments are somewhat smaller than the theoretical value afence of CEF energy levels fét||[ 100] and[001] is shown
2.54ug/Ce for CE": namely, 2.47%5/Ce for [100] and in Figs. 18a) and 16b), respectively. When the magnetic
2.48ug/Ce for [001]. This is why the slope of the experi- field is applied alond001], degenerate levels are split and

TABLE I. CEF parameters, energy level schemes, and corresponding wave functions for GeAgSb

CEF parameters

BY(K) B} (K) Bj(K) X\ (emu/mol)y?

7.55 —-0.02 -0.64 N[100;= — 28
Njoo1=0
Energy levels and wave functions

E (K) |+5/2y  |+3/2) |+1/2) |—1/2) |-3/2) |-5/2)
140 0.982 0 0 0 —0.189 0
140 0 0.189 0 0 0 —0.982
48 0 —0.982 0 0 0 —0.189
48 0.189 0 0 0 0.982 0
0 0 0 1 0 0 0

0 0 0 0 1 0 0
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' " ' i ' from a|—3/2)- to | —5/2)-dominated state, respectively, as

2F == . shown by two arrows in Fig. 1B). Since the energy of the
ground state decreases linearly with increasing field except
- the slope change at transition fields, the magnetization stays
) constant below and above the transition fields. The value of
1 i the magnetization plateau corresponds todh&, value for

the each state: that is, 0.43, 1.29, and 2.14 for the first, sec-

CeAgSb, ] ond, and third steps, respectively. At 20 K, the magnetization

H /7 [100] increases almost linearly, crossing the midpoint of the mag-
netization plateau at 1.5 K.

From the comparison between the calculated and experi-
mental curves, it is concluded that the observed anisotropy in
the magnetization curve is determined by the CEF effect. In
particular, the observed crossing behavior of the magnetiza-

b) tion for H|| [001] around 40 T is well explained by the cal-
culated magnetization. Furthermore, it should be noted that
the value of the saturation moment at 1.5 K féf [001]
agrees very well with the calculated value, although it is in

Magnetization (Ug/Ce)
=)

/ H//1001] the ordered state. This indicates that the saturation moment
o . ! . L . L of about 0.4y is defined by they;J, value of the ground
0 50 100 150 state.
Magnetic Field (T) As for the ground-state magnetic structure, neutron scat-

o i tering experiments suggest that the magnetic moments are
FIG. 15. Magnetization curves for the field alof@ [100] and  ,iented ferromagnetically alonfp01] with the value of
(b) [001] in CeAgSh. Solid and dashed lines are the calculated0.3MB_0.75uB.6,8 On the other hand, complicated structures
curves based on the CEF model for 1.5 and 20 K, respectively, uch as a ferrimagnetic and a can’ted state have also been
Thick solid lines represent the experimental magnetization at 1. uggested by bulk measuremetaThe observed magneti-
and 20 K. zation along[001] at 1.5 K saturates at very low field and

the energy of each state changes almost linearly with increaé(-emains almost constant up to 45 T showing abqtmg.mt
gy g y seems, therefore, difficult to consider the complicated struc-

ing magnetic field except for a crossover around 40 T be:

tween the first and second excited states. The metamagneﬂéreS for the ordered state. The rather small ordered moment
transitions at 87 and 148 T in Fig. 4B are due to the In CeAgSh may also be due to the CEF effect. Nevertheless,

4f-level crossing in the ground state, where the wave funcit i still not clear why the ordered magnetic moments are

. TNt | 2/ . aligned along th¢001] direction and the magnetization for
tion changes from g—1/2)- o |~ 3/2)-dominated state and H| [100] shows antiferromagnetic features. Precise neutron

, . , . , scattering experiments are necessary to understand the

ground-state magnetic structure as well as the real nature of
200+ H//[100] B . o .
the spin-wave excitation, and these are in progress.

100+ -
. (a) V. CONCLUSION
We have studied the electronic and magnetic properties of
_ -100f CeAgSh, . a single crystal of CeAgShby measuring the specific heat,
) thermal expansion, and high-field magnetization. In the para-
8 2000 | : , : L] magnetic phase, the specific heat and thermal expansion
L%’ 400 - H / [001] ' ' L show a broad peak with a long tail towards higher tempera-

tures around 30 K and 25 K, respectively. These data as well
as the susceptibility are analyzed on the basis of the CEF
model with splitting energies\;=48 K and A,=140 K

(b) from the ground state to first and second excited states, re-

spectively. In the ordered state, the high-field magnetization
0 x along[100] shows a kink around 3 T and gradually increases
up to 50 T, reaching 1.65;. On the other hand, the magne-
-100- 4 tization along[001] saturates at about Qu4 and remains
I ST v S—r= almost constant in high fields up to 45 T. This saturation
Magnetic Field (T) moment is in good agreement with the valuegg,=0.43
for | £1/2) of the ground state in the CEF scheme. In addi-
FIG. 16. Magnetic field dependence of CEF energy levels fortion, the anisotropy of the magnetization is also well ex-

the field along(a) [100] and (b) [001] in CeAgSh. plained by the CEF model with the same parameters.
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