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Enhancement of the crystalline electric field by the conduction electrons in TmxLa1ÀxTe
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The physical properties of TmxLa12xTe for x50.05 and 0.5 have been investigated by electrical resistivity,
magnetic susceptibility, magnetization, and specific heat measurements and by inelastic neutron scattering. It is
shown that the Tm ion experiences a large crystalline electric field~CEF! in a metallic environment at a low
concentration of x50.05. The level scheme forx50.05 is determined to beG72G8(10 meV)
2G6(17.6 meV) by neutron scattering, which is consistent with the bulk properties. However, this scheme is
completely opposite to the one predicted from the point charge model. Furthermore, since the Tm ions in an
insulating system of TmxYb12xTe do not show such a big CEF, the present result indicates that the conduction
electrons play an important role in determining the strength of the CEF. TheG7→G8 excitation is split into
some peaks. This is associated with the local structure around the Tm ions: when the number of other Tm ions
in the first-nearest-neighbor rare-earth sites increases, the excitation energy decreases. Atx50.5, the CEF
excitation disappears and only a broad quasielastic scattering is observed. The excitation spectrum is only
reproduced by two Gaussian spectral functions both centered at zero energy.

DOI: 10.1103/PhysRevB.66.104410 PACS number~s!: 75.20.Hr, 75.30.Mb, 75.40.Cx, 75.40.Gb
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I. INTRODUCTION

Among the rare-earth compounds that exhibit anomal
physical properties originating from the instability of the 4f
electrons, the Tm monochalcogenides have attracted par
lar interest in that two magnetic states are involved in
process of valence fluctuation between Tm21 (4 f 13,J57/2)
and Tm31 (4 f 12,J56).1 This peculiarity, in contrast to Ce
or Yb-based compounds where one valence state is nonm
netic, has been considered to be the origin of the myster
magnetic and transport properties of these systems.2,3 TmSe
is of special interest as the only mixed-valent compound e
found that exhibits magnetic order. The two valence sta
have actually been observed in the antiferromagnetic ph
by resonant magnetic x-ray scattering.4 Apart from the mag-
netic order, TmSe and the diluted systems of TmxY12xSe
and TmxLa12xSe also display anomalous behavior such
the lnT dependence of the resistivity, which has been d
cussed in terms of the Kondo effect.5,6 The temperature de
pendence of the quasielastic linewidth and the inelastic m
netic scattering at 10 meV observed in neutron scatte
studies are also important characteristics of the mixed va
ground state in TmSe and TmxY12xSe.7–9 TmS and the di-
luted system of TmxY12xS also exhibit similar
anomalies.10,11 However, there has been no consistent exp
nation for these phenomena. Crystalline electric field~CEF!
splittings also have not been observed for these valence
tuating compounds.

Although TmTe has a relatively stable valence, it seem
be close to valence fluctuation. One reason is that it exhi
an insulator-to-metal transition at 2 GPa where the vale
fluctuation also occurs and similar electric properties
0163-1829/2002/66~10!/104410~8!/$20.00 66 1044
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TmSe are observed.12–15Another reason is that a CEF spli
ting of theJ57/2 ground state is not observed clearly.16 In
order to understand the wide variety of behavior of thef
electrons in the Tm monochalcogenides, it is worth study
a system that is expected to have a more stable valence s
The purpose of the present study is to investigate the lo
properties of isolated Tm ions in TmxLa12xTe, which have
not previously been studied, using a sample withx50.05.
We also describe the results on a much more concentr
sample withx50.5, in which the interaction between Tm
ions becomes dominant.

TmTe is a magnetic semiconductor with Tm21 and Te22,
while LaTe is a monovalent metal with La31 and Te22.
Therefore, if the valence of Tm is 21 throughout the con-
centration, the substitution of La for Tm means the introdu
tion of one conduction electron per formula unit. One of t
reasons we chose La, not Lu, as a substitute is that the
ume change due to the substitution is much smaller for
than for Lu: the volume of LaTe (a56.421 Å) is 103% of
that of TmTe (a56.354 Å), while the volume of LuTe (a
55.961 Å) is only 82.6% of that of TmTe.17

Our experiment had a number of principal aims. Fir
which valence state a Tm ion takes in the conduction e
tron sea of LaTe, i.e., divalent, trivalent, or mixed valent,
not yet an established fact. Second, whether TmxLa12xTe
shows a Kondo-like lnT anomaly in resistivity is a valuable
piece of information because TmxY12xSe, TmxLa12xSe, and
TmxY12xS systems all exhibit the lnT anomaly. Third,
whether or not CEF excitations are observed is also an
portant characteristic to evaluate the stability of thef
electrons.
©2002 The American Physical Society10-1
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II. RESULTS AND ANALYSIS

The samples were prepared by the Bridgeman metho
sealed tungsten crucibles using a high-frequency induc
furnace. High-purity thulium and lanthanum metals~Ames
Laboratory! and 99.9999% tellurium~High Purity Chemicals
Co Ltd., Japan! in a stoichiometric ratio were directly seale
into a tungsten crucible in vacuum by electron beam we
ing. No prereaction in quartz tubes was performed to av
possible contamination by quartz. Single crystals w
grown by moving down the crucible out of the high
frequency coil at a speed of about 2 mm/h from a tempe
ture about 1900 °C.

A. Electrical resistivity

The electrical resistivity was measured by a conventio
four-probe method using rectangular samples with length
3–4 mm and widths and thicknesses of about 0.7 mm. Fig
1 shows the temperature dependence of the electrical r
tivity. The three curves forx50, 0.05, and 0.5 are almos
parallel with each other. There is no particular anomaly
least down to 2 K, such as a Kondo-type lnT dependence a
is observed in TmxY12xSe, TmxLa12xSe, and TmxY12xS.
This result suggests that the Tm ions in TmxLa12xTe have
stable valence states and have little mixing with the cond
tion electrons. This is consistent with other experimental
sults described in the following sections.

B. Magnetic susceptibility

The magnetic susceptibility of the samples was measu
with a superconducting quantum interference device~S-
QUID! magnetometer~Quantum Design! from 1.8 K to 300
K. LaTe was also measured but it showed only Pauli pa
magnetism withx52.6631025 @emu/mol#, which was al-
most temperature independent and negligibly small co
pared with the susceptibility of Tm0.05La0.95Te. Figure 2
shows the temperature dependence of the inverse mag
susceptibility. This result clearly demonstrates that the
ions are divalent throughout the concentration range. F
thermore, the data forx50.05 exhibits an anomaly due t
CEF.

FIG. 1. Temperature dependence of the electrical resistivity
TmxLa12xTe. Note the break in the vertical scale.
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Since the crystal structure is NaCl type, the Hund’s ru
ground multiplet of Tm21 (4 f 13,J57/2) splits intoG8 quar-
tet, G7 doublet, andG6 doublet states under a cubic CEF.
a previous report we analyzed this 1/x data by a CEF mode
of G72G8(12.1 meV)2G6(21.2 meV), which correspond
to x520.95 and W520.67 meV in the Lea-Leask
Wolf~LLW ! parameters.18 This level scheme explains th
bulk properties of magnetic susceptibility, magnetizatio
and specific heat in magnetic fields quite nicely. However
will be described in the next subsection, the correct le
scheme has been determined by the neutron scattering
periment. The solid line in the figure is the calculated s
ceptibility for this newly determined level scheme,G7
2G8(10 meV)2G6(17.6 meV), which satisfactorily ex
plains the 1/x data.

In Tm0.5La0.5Te the corresponding anomaly becom
much weaker. It should be noted that we cannot ascribe
slight anomaly to CEF since the inelastic neutron spectr
for x50.5 is completely different from that forx50.05 and
there are no clear peaks from CEF levels.

C. Inelastic neutron scattering

Inelastic neutron scattering experiments have been
formed using the HET spectrometer at the ISIS pulsed n
tron source. HET is a chopper spectrometer in which a sin
incident neutron energy is selected and the final energy
momentum transfer are analyzed by the time of flight and
detector angle. The first detector bank covers low scatte
angles fromf53° to 7° at a distance of 4 m from the
sample, and the second one covers fromf59° to f529° at
a distance of 2.5 m. There are two more detector banks c
ering high scattering angles fromf5110° to f5140°
which we use to estimate the contribution from phonon sc
tering and to check the scattering-vector dependence of m
netic scattering. The scattering intensity was put on an ab
lute scale in@mb/meV/sr/f.u.# by comparing the intensity
with that of the incoherent scattering from a vanadium st
dard sample measured under the same incident beam c
tions.

A collection of small pieces of crystals with total ma
18.6 g was wrapped in aluminum foil and attached to
closed-cycle refrigerator. A Fermi chopper that gives a h

f
FIG. 2. Temperature dependence of the inverse magnetic

ceptibility of TmxLa12xTe.
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incident neutron flux, with a corresponding relaxed reso
tion, was used to improve the statistics of the small magn
signals from the Tm0.05La0.95Te sample, which included only
587 mg of Tm. LaTe was measured as the phonon refere
material.

1. Tm0.05La0.95Te

Figure 3 shows the neutron scattering function S(f,v)
for Tm0.05La0.95Te and LaTe measured at an incident ene
of 20 meV. Before this measurement, we checked that th
was no other magnetic excitation at least up to 50 meV. Si
the scattering intensities measured by the detectors with s
tering angles from 9° to 29° only showed a weak decre
with increasing angle, following the magnetic form factor
Tm21, the whole spectra were averaged from 9° to 29°
shown in the figure. For the inelastic scattering at 10 m
the scattering vector and the magnetic form factor atf
59° are 1.1 Å21 and 0.98, respectively, and atf529° they
are 1.5 Å21 and 0.94, respectively. The full width at ha
maximum ~FWHM! due to the instrumental resolution d
creases from 1.3 meV at\v50 meV to about 0.6 meV a
\v510 meV.

The magnetic part of the scattering function after subtr
tion of the spectrum of LaTe, taking into account the diffe
ence of nuclear scattering length between La and Tm
shown in Fig. 4. Although correct estimation around\v
50 was not possible due to the magnetic intensity be
much weaker than the large incoherent scattering inten
the signal from the quasielastic scattering at 120 K may
successfully extracted.

It can be seen that, at 15 K, two peaks are clearly reso
at 10 meV and 8.4 meV. As we already know that Tm io
are 21, allowing G8 , G7, and G6 CEF levels under cubic
symmetry, and since there is no dipolar transition probabi

FIG. 3. Neutron scattering function S(f,v) per formula unit of
Tm0.05La0.95Te averaged over the detectors with scattering ang
from 9° to 29° on the 2.5 m bank. S(f,v) of LaTe as a phonon
reference material measured under the same conditions is
shown. The dotted line is the measured spectrum of a vanad
standard sample normalized to the same intensity, representin
resolution function at\v50.
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betweenG6 andG7, one might be inclined to conclude tha
the ground state is theG8 quartet and the two doublets ar
located at the corresponding peak positions. Indeed, the
tegrated intensities of the two peaks at 15 K are well rep
duced by the calculation which assumes the level schem
G82G7(8.4 meV)2G6(10 meV); the integrated intensitie
as deduced from a fit with two Lorentzian spectral functio
are 250@mb/sr/Tm# for the peak at 8.4 meV and 378@mb/sr/
Tm# for the peak at 10 meV, respectively, while the calc
lated values are 262@mb/sr/Tm# and 339@mb/sr/Tm#, respec-
tively.

Although theG8 ground-state model can explain the ne
tron scattering results if we assume cubic symmetry, it s
ously contradicts the bulk properties. It is impossible to
produce the magnetization and specific heat in magn
fields. The bulk properties support theG7 ground state.

Special care should be paid to the local symmetry of a
ion since the cubic symmetry is broken in a diluted syste
This leads to a splitting of theG8 quartet into two Kramers
doublets. This effect could be manifested in experiments a
broadening, shift or splitting of an inelastic line as has be
studied in detail in the Rx(Sc,Y,La)12xAl2 system.19

We have analyzed the spectra in Fig. 4 assuming
ground state to be aG7 doublet. We also consider that th
excitation energy of theG7→G8 transition differs from one
ion to another depending on its local environment. Since
concentration of Tm is 5%, there is a possibility that some
the 12 first nearest-neighbor~1st NN! rare-earth sites are
occupied by other Tm ions. When all of them are occup

s

lso
m
the

FIG. 4. Magnetic part of the scattering function o
Tm0.05La0.95Te per formula unit. Solid lines are the fits with Loren
zian spectral functions. Dashed lines represent contributions f
each peak.
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by La, the local symmetry would be close to cubic; oth
wise, the symmetry would be more broken. The number
other Tm ions in the 1st NN sites and its probability wh
the Tm ions are distributed randomly are listed in Table

The magnetic contribution of the inelastic scattering at
K in Fig. 4~a! has been fitted with three Lorentzian spect
functions where the peak intensities, positions, and wid
are treated as free parameters. The ratios of the integr
intensities obtained for the three peaks are listed in Tab
We notice that they are in very good agreement with
calculated probabilities of the number of Tm ions in the
NN sites. It should be noted that the intensity of peak 0
slightly overestimated because the tail of the peak around
meV is not fitted very well owing to the characteristic sha
of the resolution function, which is not taken into account
the fit. We can then ascribe the peak 0 at 10 meV to theG7
→G8 excitation when all of the 12 1st NN rare-earth sites
occupied by La; the peak 1 at 8.44 meV to the same exc
tion when one of the 1st NN sites is occupied by Tm, and
peak 2 at 6.88 meV corresponds to the excitation when
of the 1st NN sites are occupied by other Tm. It is wo
noting that the interval between the peaks is 1.56 meV.

The spectrum of the magnetic scattering at 120 K sho
in Fig. 4~b! has been fitted with five Lorentzian spectr
functions; one is the elastic peak at\v50, two correspond
to theG7→G8 excitation composed of peak 0 and 1, and t
other two correspond to theG8→G6 excitation also com-
posed of peak 0 and 1. We have neglected the contributio
peak 2. The same intensity ratio of peak 0 to 1 with that at
K has also been assumed. Since theG8→G6 excitation for
peak 0 can be recognized at 7.6 meV, we conclude that
CEF level scheme of Tm0.05La0.95Te is G7(0 meV)
2G8(10 meV)2G6(17.6 meV) when there is no other Tm
ion in the 1st NN rare-earth sites and the local symmetr
close to cubic.

Table II shows the parameters of the fit. The calcula
integrated intensities for the obtained CEF level sche
which is further weighted according to the ratio in Table I
estimate the value for peak 0, are also shown so as to
compared. On increasing the temperature from 15 K to
K, we first notice that the widths of the peaks becom
broader. Taking into account the width of the resolution,
intrinsic width of theG7→G8 excitation for peak 0 is esti
mated to be about 0.74 meV at 15 K and 1.9 meV at 120
respectively, and the intrinsic width of the elastic peak at 1

TABLE I. ~a! Number of Tm ionsNTm in the 1st nearest neigh
bor rare-earth sites and its probability for Tm0.05La0.95Te assuming a
random distribution of Tm.~b! Peak number indicated in Fig. 4 an
the ratio of the integrated intensity as deduced from a fit w
Lorentzian spectral functions.

~a! Calculation ~b! Experiment
NTm(1st NN) Probability Peak No. Intensity ratio

0 54% 0 6162.4 %
1 34% 1 3462.6 %
2 9.9% 2 5.461.3 %
3 1.7% 3 –
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K is again estimated to be about 1.9 meV at 120 K. Seco
the intensity seems to shift from the inelastic peaks to
elastic peak, although it is difficult to describe detailed b
havior because two of the intensities at 15 K have not b
obtained. We note that the static susceptibility obtained fr
the integration of the spectrum at 120 K is 0.022@emu/mol#,
in good agreement with 0.0203@emu/mol# from the bulk
susceptibility measurement; this indicates that the abso
values are reasonable.

2. Tm0.5La0.5Te

When the concentration of Tm is increased to 50%,
inelastic peaks of the CEF excitation disappear and a br
quasielastic scattering peak appears. Since the magnetic
tribution to the total scattering becomes much larger at 50
it was also possible to separate the elastic component o
magnetic scattering from the incoherent scattering at\v
50.

Figure 5 shows the magnetic part of the scattering fu
tion obtained by subtracting contributions of phonon and
coherent scattering. This treatment can be justified by
result that the integrated intensity agrees with the measu
bulk susceptibility as shown in the inset figure. The scat
ing function consists of a sharp elastic component an
broad inelastic component. Concerning the inelastic part,
ter trying several fitting functions, we have found that it c
be reproduced by two Gaussian spectral functions both c
tered at\v50. Lorentzian spectral functions give a long
tail up to higher energies, leading to poorer fits. Fitting fun
tions with one or two finite energy excitations due to CE
levels also cannot give better fits. The parameters obta
are listed in Table III. At high temperatures, the quasielas

TABLE II. Peak position\v, integrated intensityI, and FWHM
of the Lorentzian spectral functions obtained from the fit of t
magnetic scattering function of Tm0.05La0.95Te. The parameters fo
the inelastic peaks are shown only for peak 0.I calc is the intensity
calculated from the CEF level scheme.

Temperature@K# 15 K 120 K

Elastic peak
\v @meV# 0 0
I @mb/Tm/sr# - 458622
I calc @mb/Tm/sr# 391 345
FWHM @meV# - 2.660.33

G7→G8 ~peak 0!
\v @meV# 10.0160.008 9.9960.094
I @mb/Tm/sr# 36668.6 90620
I calc @mb/Tm/sr# 318 100
FWHM @meV# 1.0660.022 2.1460.15

G8→G6 ~peak 0!
\v @meV# - 7.660.45
I @mb/Tm/sr# - 42617
I calc @mb/Tm/sr# 0.18 38
FWHM @meV# - 3.160.42
0-4
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peak can be reproduced by a single Gaussian as show
the result at 180 K.

The sharp elastic peak at 25 K can be fit by a Gauss
with its width almost equal to the instrumental resolutio
indicating that this peak is resolution limited. At high tem
peratures the width of the elastic peak becomes broader
the resolution as seen in the spectrum at 180 K. It is diffic
to determine from the present experiment whether this
expressed by a Gaussian or a Lorentzian spectral func
Both can fit the data by changing the weight of the oth
broad Gaussian quasielastic peak. Apart from this ambigu
we can at least conclude that the width of this peak is

FIG. 5. Magnetic part of the scattering function of Tm0.5La0.5Te
per Tm ion. Solid lines are the fits with Gaussian spectral functio
Each component is indicated by the dashed lines. The broad q
elastic scattering at 25 K consists of two Gaussians indicated by
two dotted lines. The inset figure compares the static susceptib
obtained from the integration of the spectra with the measured
magnetic susceptibilities indicated by smaller points.

TABLE III. Energy position\v, intensityI, and FWHM of the
Gaussian spectral functions obtained from the fit of the magn
scattering function of Tm0.5La0.5Te. FWHM for 25 K is a resolution
limited width.

Temperature@K# 25 K 180 K

Elastic peak
\v @meV# 0 0
I @mb/Tm/sr# 35362 26764
FWHM @meV# 1.27360.006~reso.! 2.1860.03

First quasielastic peak
\v @meV# 0 0
I @mb/Tm/sr# 30363 48264.2
FWHM @meV# 10.8360.05 11.3360.08

Second quasielastic peak
\v @meV# 0 -
I @mb/Tm/sr# 10663 -
FWHM @meV# 4.960.1 -
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large as that of the quasielastic peak of Tm0.05La0.95Te at 120
K. This indicates that they are of the same origin.

D. Magnetization and specific heat

It is valuable to study the magnetization and specific h
of these compounds with the microscopic knowledge
tained in the neutron scattering experiment. The magnet
tion was measured by the extraction method and the spe
heat was measured by a conventional quasiadiabatic
pulse method, both for the magnetic fields along the fourf
@100# axis. The magnetic specific heat was obtained by s
tracting the phonon contribution; for Tm0.05La0.95Te the spe-
cific heat of LaTe was subtracted and for Tm0.5La0.5Te the
averaged specific heat of LaTe and YbTe was subtracted

In Fig. 6 the magnetization of Tm0.05La0.95Te at 4.2 K and
1.1 K for the field along the@100# axis is shown. Rather
scattered data points are due to small signals from only
concentration of Tm. The solid lines are the calculated m
netization curves for the model with the CEF and the Z
man Hamiltonians only. The level scheme that has been
termined in Sec. II C 1 has been used. The overall beha
is well reproduced by the calculation. This CEF level sche
can also explain the specific heat results. Figure 7 shows
magnetic specific heat of Tm0.05La0.95Te in magnetic fields.
At zero field no magnetic specific heat appears at least d
to 1.5 K. Application of a magnetic field induces a Schott
anomaly due to the Zeeman splitting of theG7 ground state.
Overall features, especially the peak positions, are well
produced by the calculation. To summarize, the three b
propertiesx(T), M (H), andCmag(H,T) can be explained by
the CEF level scheme obtained in Sec. II C 1 very well.

With regard to Tm0.5La0.5Te in which CEF excitations are
not observed, although theM (H) curves are very similar to
those of Tm0.05La0.95Te, the behavior of the magnetic sp
cific heat is completely different as shown in Fig. 8. T
magnetic specific heat is observed even at zero field. Th
considered to be caused by intersite magnetic correlati
which should be the origin of the broad quasielastic scat
ing. The low-temperature part of the zero-field specific h
seems to exhibitT-linear behavior withC50.31T @J/mol

s.
si-
he
ty
lk

ic

FIG. 6. Magnetization of Tm0.05La0.95Te and Tm0.5La0.5Te along
the @100# direction at 1.1 K and 4.2 K. The solid lines are th
calculated magnetization curves for respective temperatures co
ering only the CEF effect:G72G8(10 meV)2G6(17.6 meV).
0-5
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~Tm!/K#, which might be related with the spin correlation
that give rise to quasielastic scattering. When a magn
field is applied, an additional contribution to the specific h
due to the Zeeman splitting of the ground state becom
visible as in Tm0.05La0.95Te.

III. DISCUSSION

A novel effect in Tm0.05La0.95Te is the appearance of
large CEF splitting. The fact that the insulating TmTe exh
its only a small and ambiguous CEF splitting less than
meV is already known.16,20,21This situation does not chang
when diluted with Yb, where the insulating environment
preserved because the Yb ion becomes 21.22 On the other
hand, in the present case, when a Tm ion is diluted i
metallic environment of LaTe, it experiences a large CE
This difference is clearly demonstrated by the magnetic s
ceptibility shown in Fig. 9. While Tm0.05La0.95Te exhibits a
clear CEF anomaly, Tm0.03Yb0.97Te does not show any CE
anomaly.

Although the simplest model of the CEF is the po
charge model~PCM!, there are few actual examples whe
the PCM is sufficient. A number of examples have been
ported where the PCM cannot explain the observed split

FIG. 7. Magnetic specific heat of Tm0.05La0.95Te in magnetic
fields along the@100# axis. The solid lines are the calculated speci
heat for respective magnetic fields considering only the CEF eff
G72G8(10 meV)2G6(17.6 meV).

FIG. 8. Magnetic specific heat of Tm0.5La0.5Te under magnetic
fields along the@100# axis. The line indicates theT-linear term of
C50.31T @J/mol ~Tm!/K#. Magnetic specific heat of TmTe i
shown for reference.
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and the contribution of the conduction electrons is mu
more important.19,23–26 Rare-earth monopnictides and cha
cogenides have been considered as an example to whic
PCM can be applied, though we need to use effect
charges.27 However, strangely, all the measured CEF para
eters ofA4^r

4& andA6^r
6& for Ce, Pr, and Nd pnictides an

chalcogenides can be reproduced by the nearest-neig
PCM assuming an effective charge of22,28–33 in spite of
the fact that the anion valences, band structures, and
number of carriers are quite different between pnictides
chalcogenides. Furthermore, the high-pressure experim
for rare-earth monopnictides show opposite behavior to w
is expected from the PCM.34,35

In Tm0.05La0.95Te, the CEF parameters are contradicto
to the PCM. The level scheme ofG72G8(10 meV)
2G6(17.6 meV) corresponds to the LLW parameters ofx
520.947 and W520.573 meV, i.e., A4^r

4&5
25.223 meV andA6^r

6&520.163 meV. This is completely
different from what is expected from the PCM. Although th
value ofx being close to21 is consistent with the PCM, the
sign ofW is opposite. In view of the fact that Tm0.03Yb0.97Te
does not show a CEF splitting and that the difference
La31 and Yb21 does not give such big change in CE
~within the PCM calculation!, it is apparent that the CEF i
determined by some interaction of 4f electrons with conduc-
tion electrons, although the mechanism is unclear. Many
tors must be involved to the CEF. Point charges, indeed, m
be the primitive source of the field. However, what is mo
important should be how it is mediated by the conduct
and valence electrons to the 4f electrons, which is different
from one compound to another.

In recent calculations, Brookset al. have viewed crystal
field excitations as quasiparticles composed of anf-electron
excitation plus an associated cloud of shielding conduct
electrons.36 It is to be expected that the shielding clou
which is the reaction of the solid to the original baref exci-
tation, will depend on the local Tm21 and La31 environment
and, hence, that the crystal field excitation energy will va
accordingly. From our analysis of the peak structure in F
4~a!, we have proposed a model where the energy leve

t:
FIG. 9. Inverse magnetic susceptibility of Tm0.05La0.95Te and

Tm0.03Yb0.97Te; the former corresponds to a Tm ion in the metal
environment and the latter to the insulating environment.
0-6
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the G8 state decreases by 1.56 meV when the numbe
Tm21 ions in the 1st NN rare-earth sites increases by 1.
the other hand, we do not have clear evidence to exclude
possibility that the multipeak structure is given by theG8
quartet being split into two doublets, which of course diffe
from site to site. However, if the substitution of Tm21 only
results in a splitting of theG8 state, we cannot explain th
fact that the CEF excitations disappear in Tm0.5La0.5Te and
Tm0.03Yb0.97Te. The effect of lowered symmetry may prob
ably be reflected in the width of each peak in Fig. 4~a!. The
multipeak structure with an interval of 1.56 meV is suppos
to be caused by 21 ions in the 1st NN rare-earth sites, ea
of which captures one conduction electron, resulting in
duction of the local density of conduction electrons.

The disappearance of a clear CEF excitation
Tm0.5La0.5Te may probably be related to the reduction of t
number of conduction electrons. If a disturbance of the C
by a random distribution of different valences of Tm21 and
La31 were the case, some broad excitation should be
served, which is not the case. Only quasielastic scatter
are observed. The two Gaussian components at 25 K ca
ascribed to two correlation times, the fast one and the s
one. Though it is speculated that this spin correlation is
sociated with the behavior of the low-temperature magn
specific heat, the detailed mechanism is an open questio

Finally, concerning the broadening of the peaks, a num
of possibilities can be considered: the broadening due to n
stoichiometry, disturbed surroundings, interaction w
phonons, and interaction with conduction electrons. Amo
these possibilities, the temperature dependence of the in
sities and the widths of the observed peaks in the pre
system seems to reflect the coupling with the conduct
electrons, which is modeled by a theory by Becker, Ful
and Keller ~BFK!.37 According to the theory, when a cou
pling between the local moment and the conduction electr
are introduced, on increasing temperature, the widths of
elastic and the inelastic peak increase, the inelastic p
moves to lower energies, and the intensity of the inela
peak is transferred to that of the elastic peak. Although qu
titative analysis has not been performed in the present st
the obtained widths of the elastic peak at high tempera
that are listed in Table II and III are typical values for stab
4 f moments. The result that the intensity of the inelas
S
a

re
r,

le
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peak transfers to that of the quasielastic peak with increa
the temperature is also consistent with the BFK theory.

IV. CONCLUSIONS

We have measured the bulk properties and the neu
scattering functions of TmxLa12xTe for x50.05 and 0.5. The
sample forx50.05 has a physical meaning that a single T
ion is located in the conduction electron sea of LaTe, wh
should be compared with the insulating environment
TmxYb12xTe. Tm ions have been found to exist as stable1
ions all through the concentration range. Furthermore, it
been found that the metallic environment of LaTe produce
large CEF. The neutron scattering measurements establi
the level scheme ofG72G8(10 meV)2G6(17.6 meV),
which is also consistent with the bulk properties ofx(T),
M (H), and Cmag(H,T). However, this sequence is com
pletely opposite to the one predicted from the point cha
model. This is quite unusual when compared with other ra
earth monochalcogenides and monopnictides. In view of
fact that Tm0.03Yb0.97Te does not show a CEF splitting, it i
strongly suggested that the conduction electrons play an
portant role.

In Tm0.5La0.5Te the CEF excitations disappear and a bro
quasielastic scattering appears. The neutron scattering f
tion consists of two Gaussian quasielastic components a
sharp elastic component at low temperatures, indicating
magnetic correlations are dominant and a CEF excita
does not exist. This is reflected in the characteristic beha
of the magnetic specific heat at zero field.

The temperature dependence of the intensities and
widths of the inelastic and elastic peaks can be explained
the BFK theory qualitatively, which takes into account t
coupling of the local moment with the conduction electro
The widths have been found to be typical of those for sta
4 f moments.
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