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Pressure Induced Semiconductor to Metal Transition in TmTe
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The pressure induced semiconductor to metal transition in the rare earth compound TmTe has
investigated with electrical resistivity measurements under high pressure. At room temperature
resistivity showed an exponential decrease up to 2 GPa, indicating a linear closing of the energy
followed by an almost pressure independent metallic regime. The resistivity in the metallic reg
showed a logarithmic temperature dependence reminiscent of a Kondo effect and a TmSe-like ano
appeared at low temperature and above 5 GPa. At 5.7 GPa the resistivity showed an abrupt dec
that corresponded to the structural phase transition. [S0031-9007(97)02350-8]

PACS numbers: 75.20.Hr, 75.30.Mb
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Electrons move in solids interacting with each other
the Coulomb force. To know the electronic state in a so
is fundamentally a many body problem. Band theory
mean field theory to treat this problem, has been succ
ful for many kinds of materials, but it is not able to e
plain the properties ofd or f electron systems in whic
the interactions among the electrons are strong. A w
variety of magnetic and transport properties arise from
correlations amongd or f electrons: metal-insulator tran
sition, itinerant magnetism, valence fluctuation, Kondo
fect, heavy fermions and superconductivity, and so
These are now called strongly correlated electron syst
and many new concepts on solid state physics have
constructed. However, there are still many problems
be solved and the understanding of these systems is
complete.

The Tm monochalcogenide series, which crystallize
the NaCl structure, is one of these mysterious stron
correlated electron systems. TmSe has been stu
from the standpoint of the valence fluctuation betwe
4f12 and 4f13, Kondo effect, antiferromagnetic orde
and metal-insulator transition. This compound has
peculiarity that two magnetic valence states Tm21 and
Tm31 are concerned in the valence fluctuation. Howev
the situation is so complicated that there is no cl
explanation of the physical properties of this compoun

TmTe is a divalent semiconductor with thirteen4f
electrons (with one4f hole). The lattice constant an
the Curie constant show that the Tm ions in TmTe
divalent at ambient pressure [1]. The localized4f13 level
is situated within the energy gap between a filled Te-5p
valence band and an empty Tm-5d conduction band [2,3]
The gapD for the electronic excitation of one4f electron
from the localized4f level to the5d conduction band is
estimated to be 350 meV [4].

In TmSe, due to the smaller ion radius of Se th
that of Te, the closer distance between Tm ions le
to an increase in the strength of the crystalline fi
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that splits the5d band into5d-eg and 5d-t2g bands [2].
Consequently the energy gapD between the4f level and
the bottom of the conduction band is narrowed. Th
the valence fluctuating state appears due to the str
mixing between the4f electrons and the5d conduction
electrons. In TmSe, both the lattice constant and
Curie constant are intermediate between those of diva
and trivalent values [1]. The resistivity of TmSe show
a Kondo-like logarithmic temperature dependence at h
temperatures followed by a sharp increase atTN  3.5 K,
which is thought to be a transition into an insulatin
state [5–7]. This anomaly in the vicinity ofTN shows
a very complicated response to external magnetic fields
pressures [8,9]. The most important behavior in relati
with the present experimental result on TmTe is that t
sharp resistivity increase atTN is initially enhanced by the
pressure up to 1.35 GPa.

TmS has a lattice constant and a Curie constant
almost trivalent values [1]. The behavior of the electric
resistivity, however, is not that of normal metals. It als
shows a Kondo latticelike behavior [10–12].

The physical mechanisms of these valence fluctuat
related phenomena in TmSe and in TmS have not b
understood well. One of the missing, important, a
effective experimental approaches to the understand
of TmSe and TmS is to study the change in magne
and transport properties with pressure from TmTe to Tm
through TmSe. The application of high pressure to Tm
should lead to a similar electronic structure as in TmSe
TmS through the shrinking of the lattice constant [13,1
Therefore, the high pressure measurements on Tm
would give important information to the understanding
valence fluctuations in TmSe and in TmS. In this Lette
we report the electrical resistivity of TmTe under hig
pressure and compare the results to the previous data
TmTe and TmSe12xTex .

We have prepared the sample by synthesizing
starting materials (commercial 99.9% thulium metal a
© 1997 The American Physical Society
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99.9999% tellurium) directly in a vacuum sealed tungs
crucible with a high frequency induction furnace.
large single crystal was obtained with a lattice const
of 6.357 Å. The ingot has been named as No. 2(930
The temperature dependence of the resistivity and
magnetic susceptibility of the sample used in the pres
high pressure measurements are shown in Fig. 1, w
shows that the sample is insulating and almost divalen
ambient pressure.

In order to measure the temperature dependence o
resistivity under high pressures, we have used a cu
anvil press that consisted of six anvils made of tungs
carbide. The six cubic anvils press a pyrophyllite gas
in which the sample is immersed in a fluid pressu
transmitting medium of Fluorinert in a Teflon cell. I
order to keep the pressure constant during the heat c
the load was maintained constant by controlling the
press equipment. The electrical resistivity was measu
with the usual four probe dc method.

In Fig. 2 the pressure dependence of the electr
resistivity at room temperature is shown. The resistiv
initially decreases exponentially with increasing press
up to 2 GPa. Above 2 GPa the resistivity becomes alm
pressure independent, indicating that the sample
gotten into the metallic regime. The resistivity abrup
decreased at 5.7 GPa. This corresponds to the struc
transition into a tetragonal structure as has been obse
in the x-ray diffraction [15,16].

Within a simple semiconductor statistics, we calcula
the number of charge carriers excited from4f13 donor

FIG. 1. (a) Temerature dependence of the electrical resisti
and (b) the inverse magnetic susceptibility of TmTe at
ambient pressure.
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levels into a parabolic conduction band with effectiv
massm and orbital degeneracyd. The donor level is
located below the bottom of the conduction band w
energy gapD and density Nd  1.555 3 1022 cm23,
which is the density of Tm ions. Each donor can su
ply one conduction electron and become4f12. The de-
gree of freedom of the donor was taken to be 8 f
4f13sJ  7y2d and 13 for 4f12sJ  6d. The band de-
generacyd was taken to be 3 because the conducti
band may be considered to arise from the Tm5d 2 t2g

orbitals. The calculation was performed exactly by co
sidering the Fermi distribution function atT  300 K,
and the calculation is valid even after the gap has clos
The resistivity was assumed to be inversely proportio
to the number of excited electrons. The best fit param
ters were D  396 meV, dDydP  2207 meVyGPa,
andm  30m0. The initial gap of 396 meV is consisten
with the estimation from the optical measurements [
The gap closing rate is twice as large as the previou
reported value of 100 meVyGPa. This is because the re
sistivity can be approximated to ber  r0 expsDy2kBT d
in the gap closing process in this calculation, while t
previous papers analyzed the data without the factor 2.

The recent precise measurement of the magnetic s
ceptibility and the volume change under high pressure
Tanget al. shows that the valence of Tm ions are divale
from 0 to 2 GPa and that the intermediate valence regi
starts from 2 GPa [16]. The above calculation, howev
without the contribution from the lattice energy, is to
simple to explain the pressure dependences of the volu
and of the magnetic susceptibility.

Figure 3 shows the temperature dependence of the
sistivity in the metallic regime above 2 GPa. From
to 5.3 GPa the resistivity shows lnT dependences a
high temperatures though the lattice contributions are

FIG. 2. Pressure dependence of the resistivity of TmTe
room temperature. Solid line is a fit with a model describ
in the text.
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FIG. 3. Temperature dependence of the resistivity of TmTe
the metallic regime under high pressures.

subtracted. This may be attributed to the Kondo eff
as in TmSe or in TmS. The slopejdryd ln T j, shown in
Fig. 4, increases with pressure as in TmSe.jdryd ln T j

is related to the degree of hybridization between4f elec-
trons and conduction electrons in the Kondo impur
problem. The increase injdryd ln T j suggests an in-
crease in hybridization with pressure. Therefore, we s
pose that TmTe under high pressure of about 2 GPa
the beginning of the valence fluctuation regime where
overlap between the4f level and the conduction band
still small. Application of the higher pressure enhanc

FIG. 4. The slope of the resistivity with respect to lnT
for three Tm monochalcogenides. The slope for TmTe w
determined within the temperature range written in the figu
For TmSe and TmS, data were taken from Refs. [9,1
respectively.
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the overlap and the valence begins to have the interm
ate values and thenjdryd ln T j increases.

The resistivity peak aroundTmax , 30 K may be
assigned to a transition from a Kondo impurity scatteri
regime to a coherent Kondo lattice regime.Tmax increases
from 2 to 3 GPa but decreases above 3 GPa. In Tm
Tmax shows little dependence to pressure, and in Tm
Tmax shows a slight increase with pressure [9,12].
we considerTmax as the value that is relevant to th
Kondo temperatureTK , the increase inTmax in TmTe
from 2 to 3 GPa can be interpreted as the increase
TK accompanied by the increase in the hybridizatio
The experimental results above 3 GPa, however, can
be understood in this way.jdryd ln T j increases with
pressure whileTmax decreases above 3 GPa. On the oth
hand, in TmS, which is almost trivalent and is thoug
to be at the end of the valence fluctuation,jdryd ln T j
decreases with pressure whileTmax slightly increases.
What the experimentalTmax correspond to is an open
problem.

The other anomaly that appears atTanomaly  15 K and
2 GPa becomes more clear at 9 K and 3 GPa and is m
and more enhanced with increasing pressure. Compa
with TmSe and the TmSe12xTex system, this anomaly is
likely to be of a magnetic order. For TmSe0.6Te0.4 and
TmSe0.45Te0.55, ferromagnetic order has been observ
just after the transition into the metallic regime [17–21
Their ordering tempereatures are as high as 5 K while
is below 1 K in the semiconducting regime. The orderin
temperature decreases with increasing pressure [19,
The present results on TmTe are in good corresponde
with these results. Therefore, we speculate that t
anomaly corresponds to a magnetic order.

The resistivity decreases belowTanomaly for 2, 3,
and 4 GPa, indicating TmTe is metallic. For 5.3 GP
however, there is no sign of decrease in resistivity do
to 4.5 K and it appears that TmTe is approaching TmS
This behavior may be associated with the type of t
magnetic order. Initially for 2 and 3 GPa, just afte
the semiconductor to metal transition, the ordering m
be ferromagnetic as in TmSe12xTex . The resistivity,
therefore, shows a sharp decrease below the orde
temperature. On increasing pressure, the sample wo
get into the intermediate valence regime and the ty
of order might change into the antiferromagnetic one
in TmSe. Then the resistivity would behave like TmS
This may be the case for TmTe at 5.3 GPa. If we we
able to apply higher pressures, the increase in resisti
below Tmin  18 K would be more enhanced and woul
finally reach a situation as in TmSe. In TmSe, th
sharp increase in resistivity belowTN initially increases
with pressure up to 1.36 GPa [9]. We suppose that t
behavior in TmSe corresponds to the enhancement
the resistivity anomaly from 4 to 5.3 GPa in TmTe. I
TmTe, however, the crystal structure has changed fr
a NaCl type to a tetragonal type and it was impossib
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to investigate the sample at higher pressures [15,16].
should be noticed that these resistivity curves in Fig.
are those in the metallic regime and they correspond
curve f in Fig. 1 in Ref. [18] for TmSe0.45Te0.55. An
anomalous insulating state, which is called an exciton
insulator, is said to appear in the semiconducting regim
in TmSe12xTex [18]. To check the possibility of such
a state in TmTe, more detailed measurements in
semiconducting regime are necessary.

According to a theory of valence fluctuation of Tm
impurities, the ground state is a Kondo singlet [22]. Th
Kondo temperatureTK would approach zero when
the Tm valence is almost trivalent or divalent [22]. In th
intermediate valence regimeTK would have a finite value
and a lnT behavior in resistivity would be observed
The valence of a Tm ion in TmTe at 2 GPa is ver
close to divalent. Therefore the application of high
pressures would lead to an increase inTK andjdryd ln T j

through the increase in hybridization. On the other lim
in TmS in which the Tm ions are almost trivalent, th
application of high pressure would lead to a decrease
TK and jdryd ln T j. Furthermore, in an intermediate
state between these two limits, not only the Kondo-lik
behavior but also an anomalous magnetic state in
vicinity of the magnetic ordering temperature as in TmS
would be possible to occur. All of these processes m
result from the variation of the hybridization between th
4f electrons and the conduction electrons.

In summary, our experimental results on TmTe sho
that TmTe under high pressure also exhibits Kondo-li
behavior as in TmSe and TmS. This indicates th
pressure can be an external parameter that connects t
three Tm monochalcogenides through the variation of t
hybridization. In order to make clear the state of TmT
under high pressure and connect it to TmSe, the resistiv
data at still lower temperatures below 4.2 K and oth
various measurements under high pressures are neede

*Present address: Department of Physics, College
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