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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 been
investigated with electrical resistivity measurements under high pressure. At room temperature, the
resistivity showed an exponential decrease up to 2 GPa, indicating a linear closing of the energy gap,
followed by an almost pressure independent metallic regime. The resistivity in the metallic regime
showed a logarithmic temperature dependence reminiscent of a Kondo effect and a TmSe-like anomaly
appeared at low temperature and above 5 GPa. At 5.7 GPa the resistivity showed an abrupt decrease
that corresponded to the structural phase transition. [S0031-9007(97)02350-8]

PACS numbers: 75.20.Hr, 75.30.Mb

Electrons move in solids interacting with each other bythat splits theSd band into5d-e, and 5d-t,, bands [2].
the Coulomb force. To know the electronic state in a solidConsequently the energy gapbetween thelf level and
is fundamentally a many body problem. Band theory, a&he bottom of the conduction band is narrowed. Then
mean field theory to treat this problem, has been succestie valence fluctuating state appears due to the strong
ful for many kinds of materials, but it is not able to ex- mixing between thetf electrons and théd conduction
plain the properties off or f electron systems in which electrons. In TmSe, both the lattice constant and the
the interactions among the electrons are strong. A wid€urie constant are intermediate between those of divalent
variety of magnetic and transport properties arise from thand trivalent values [1]. The resistivity of TmSe shows
correlations among or f electrons: metal-insulator tran- a Kondo-like logarithmic temperature dependence at high
sition, itinerant magnetism, valence fluctuation, Kondo eftemperatures followed by a sharp increas&at= 3.5 K,
fect, heavy fermions and superconductivity, and so onwhich is thought to be a transition into an insulating
These are now called strongly correlated electron systen®ate [5—7]. This anomaly in the vicinity dfy shows
and many new concepts on solid state physics have beenvery complicated response to external magnetic fields or
constructed. However, there are still many problems tgressures [8,9]. The most important behavior in relation
be solved and the understanding of these systems is nafith the present experimental result on TmTe is that the
complete. sharp resistivity increase @} is initially enhanced by the
The Tm monochalcogenide series, which crystallize inpressure up to 1.35 GPa.
the NaCl structure, is one of these mysterious strongly TmS has a lattice constant and a Curie constant of
correlated electron systems. TmSe has been studiedmost trivalent values [1]. The behavior of the electrical
from the standpoint of the valence fluctuation betweermnesistivity, however, is not that of normal metals. It also
4112 and 4113, Kondo effect, antiferromagnetic order, shows a Kondo latticelike behavior [10—12].
and metal-insulator transition. This compound has the The physical mechanisms of these valence fluctuation
peculiarity that two magnetic valence states’Tmand related phenomena in TmSe and in TmS have not been
Tm* are concerned in the valence fluctuation. Howeverpunderstood well. One of the missing, important, and
the situation is so complicated that there is no cleaeffective experimental approaches to the understanding
explanation of the physical properties of this compound. of TmSe and TmS is to study the change in magnetic
TmTe is a divalent semiconductor with thirtedf  and transport properties with pressure from TmTe to TmS
electrons (with onetf hole). The lattice constant and through TmSe. The application of high pressure to TmTe
the Curie constant show that the Tm ions in TmTe areshould lead to a similar electronic structure as in TmSe or
divalent at ambient pressure [1]. The localizetl® level ~ TmS through the shrinking of the lattice constant [13,14].
is situated within the energy gap between a filled5pe- Therefore, the high pressure measurements on TmTe
valence band and an empty T3d-conduction band [2,3]. would give important information to the understanding of
The gapA for the electronic excitation of ongf electron  valence fluctuations in TmSe and in TmS. In this Letter,
from the localized4f level to the5d conduction band is we report the electrical resistivity of TmTe under high
estimated to be 350 meV [4]. pressure and compare the results to the previous data on
In TmSe, due to the smaller ion radius of Se thanTmTe and TmSe_, Te,.
that of Te, the closer distance between Tm ions leads We have prepared the sample by synthesizing the
to an increase in the strength of the crystalline fieldstarting materials (commercial 99.9% thulium metal and
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99.9999% tellurium) directly in a vacuum sealed tungsterevels into a parabolic conduction band with effective
crucible with a high frequency induction furnace. A massm and orbital degeneracy. The donor level is
large single crystal was obtained with a lattice constantocated below the bottom of the conduction band with
of 6.357 A. The ingot has been named as No. 2(9309)energy gapA and density N, = 1.555 X 10?2 cm 3,
The temperature dependence of the resistivity and thehich is the density of Tm ions. Each donor can sup-
magnetic susceptibility of the sample used in the preserily one conduction electron and beco@g!>?. The de-
high pressure measurements are shown in Fig. 1, whichree of freedom of the donor was taken to be 8 for
shows that the sample is insulating and almost divalent atf'3(J = 7/2) and 13 for4f'2(J = 6). The band de-
ambient pressure. generacyd was taken to be 3 because the conduction
In order to measure the temperature dependence of thend may be considered to arise from the Jth— 1,,
resistivity under high pressures, we have used a cubiorbitals. The calculation was performed exactly by con-
anvil press that consisted of six anvils made of tungstesidering the Fermi distribution function &t = 300 K,
carbide. The six cubic anvils press a pyrophyllite gaskeaind the calculation is valid even after the gap has closed.
in which the sample is immersed in a fluid pressureThe resistivity was assumed to be inversely proportional
transmitting medium of Fluorinert in a Teflon cell. In to the number of excited electrons. The best fit parame-
order to keep the pressure constant during the heat cyclers were A = 396 meV, dA/dP = —207 meV/GPa,
the load was maintained constant by controlling the oilandm = 30m. The initial gap of 396 meV is consistent
press equipment. The electrical resistivity was measuredith the estimation from the optical measurements [4].
with the usual four probe dc method. The gap closing rate is twice as large as the previously
In Fig. 2 the pressure dependence of the electricaleported value of 100 meAGPa. This is because the re-
resistivity at room temperature is shown. The resistivitysistivity can be approximated to he= poexp(A/2kpT)
initially decreases exponentially with increasing pressurén the gap closing process in this calculation, while the
up to 2 GPa. Above 2 GPa the resistivity becomes almogtrevious papers analyzed the data without the factor 2.
pressure independent, indicating that the sample has The recent precise measurement of the magnetic sus-
gotten into the metallic regime. The resistivity abruptly ceptibility and the volume change under high pressure by
decreased at 5.7 GPa. This corresponds to the structurbinget al. shows that the valence of Tm ions are divalent
transition into a tetragonal structure as has been observddm 0 to 2 GPa and that the intermediate valence regime
in the x-ray diffraction [15,16]. starts from 2 GPa [16]. The above calculation, however,
Within a simple semiconductor statistics, we calculatedwvithout the contribution from the lattice energy, is too
the number of charge carriers excited frehi'> donor  simple to explain the pressure dependences of the volume
and of the magnetic susceptibility.
Figure 3 shows the temperature dependence of the re-

LA L A sistivity in the metallic regime above 2 GPa. From 2
108y @ E’ELZ - to 5.3 GPa the resistivity shows Th dependences at
10 high temperatures though the lattice contributions are not

5 10° -

g _IIII||lII[IIII[IIII[IIII]IIII‘IIII|IIII:

e 2+ ool TmTe (R.T.) i
10' 3
.100 | I| 1| 4 B 7]

K B2 107 & 3

100  (b) Tmé* 5% 3 - E
5 0 P i S T 1
© L ,,;"Z; i E E
é 50 — Lo <° ] r 0006000 7
T or 2 10° & Y =
- L e TN = 0000000003

L R PP Tm°" r .

6P e 1 B i
O&“‘er‘l"‘l--l|llll||||||||||l|lllll 10-4||||l|||1||||\l||||||||)I||||||||\l|x||
0 100 200 300 0 2 4 6 8
T K] P [GPa]

FIG. 1. (a) Temerature dependence of the electrical resistivitfFIG. 2. Pressure dependence of the resistivity of TmTe at
and (b) the inverse magnetic susceptibility of TmTe at anroom temperature. Solid line is a fit with a model described
ambient pressure. in the text.
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SRR A= AR RARAR RS l(la)l T the overlap and the valence b_egins to have the intermedi-
ate values and theldp /d InT| increases.

The resistivity peak aroundliy.x ~ 30 K may be
assigned to a transition from a Kondo impurity scattering
regime to a coherent Kondo lattice regimg,,x increases
from 2 to 3 GPa but decreases above 3 GPa. In TmSe,
Tmax Shows little dependence to pressure, and in TmS,
Tmax Shows a slight increase with pressure [9,12]. If

we considerT,.x as the value that is relevant to the
0t '5'0' - '1(')6 = 1é0 2('30 ' 2;)0 - Kondo temperaturely, the increase i, in TmTe
T [K] from 2 to 3 G_Pa can be _mterprete_d as the increase in
Tx accompanied by the increase in the hybridization.
The experimental results above 3 GPa, however, cannot
be understood in this wayldp/dInT| increases with
pressure whild,,x decreases above 3 GPa. On the other
hand, in TmS, which is almost trivalent and is thought
to be at the end of the valence fluctuatiddp /d In T
decreases with pressure whilg,,x slightly increases.
6Gpa 8GPa 3 What the experimental’y,,x correspond to is an open
problem.
| T The other anomaly that appearsiatomaly = 15 K and
2 GPa becomes more clear at 9 K and 3 GPa and is more
T [K] and more enhanced with increasing pressure. Compared
FIG. 3. Temperature dependence of the resistivity of TmTe i with TmSe and the Tm3e, Te, system, this anomaly is

the metallic regime under high pressures. likely to be of a magnetic order. For Tmgfey4 and
TmSe4s5Teqss, ferromagnetic order has been observed

just after the transition into the metallic regime [17-21].
subtracted. This may be attributed to the Kondo effectrheir ordering tempereatures are as high as 5 K while it
as in TmSe or in TmS. The slogép/dInT|, shown in is below 1 K in the semiconducting regime. The ordering
Fig. 4, increases with pressure as in TmS€p/dInT|  temperature decreases with increasing pressure [19,20].
is related to the degree of hybridization betwegnelec-  The present results on TmTe are in good correspondence
trons and conduction electrons in the Kondo impuritywith these results. Therefore, we speculate that this
problem. The increase ifdp/dInT| suggests an in- anomaly corresponds to a magnetic order.
crease in hybridization with pressure. Therefore, we sup- The resistivity decreases beloWanomary for 2, 3,
pose that TmTe under high pressure of about 2 GPa is aind 4 GPa, indicating TmTe is metallic. For 5.3 GPa,
the beginning of the valence fluctuation regime where théowever, there is no sign of decrease in resistivity down
overlap between théf level and the conduction band is to 4.5 K and it appears that TmTe is approaching TmSe.
still small. Application of the higher pressure enhancesrThis behavior may be associated with the type of the

magnetic order. |Initially for 2 and 3 GPa, just after

the semiconductor to metal transition, the ordering may
L L I R R R BRI R be ferromagnetic as in TmHeg Te,. The resistivity,
(40~80K) therefore, shows a sharp decrease below the ordering
temperature. On increasing pressure, the sample would
get into the intermediate valence regime and the type
of order might change into the antiferromagnetic one as
in TmSe. Then the resistivity would behave like TmSe.
This may be the case for TmTe at 5.3 GPa. If we were
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(50~100K) able to apply higher pressures, the increase in resistivity
TmS , | | | below T,;, = 18 K would be more enhanced and would
0.0 pm e e finally reach a situation as in TmSe. In TmSe, the
P [GPa] sharp increase in resistivity belofy initially increases

o . with pressure up to 1.36 GPa [9]. We suppose that this
FIG. 4. The slope of the resistivity with respect 107In  papavior in TmSe corresponds to the enhancement of
for three Tm monochalcogenides. The slope for TmTe wag istivi v f 4 10 5.3 GPa in TmTe. |
determined within the temperature range written in the figure!e_résistivity anomaly from 4 to 5. ain fmie. In
For TmSe and TmS, data were taken from Refs. [9,12],TmTe, however, the crystal structure has changed from

respectively. a NaCl type to a tetragonal type and it was impossible
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