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Various thermal, magnetic, and transport properties of single-phase Tm„Secrystals have been measured,

partly as a function of temperature {0.04 & T & 300 K), and/or magnetic field (0 &20 kOe), and/or
hydrostatic pressure (p & 20 kbar). The Tm to Se ratio of the samples has been varied between 0.87 and
1.05. The valence state of the Tm ions is influenced by the chemical composition and the divalent character
increases from -0% for Tmo»Se to -28% for Tm, o,Se. The low-temperature magnetic susceptibility and
the anomalously high compressibility are consistent with the model that the ground state of each Tm ion
contains both divalent and trivalent character. In all crystals with this homogeneously mixed-valent
character, the localized 4f electrons and the itinerant 5d electrons strongly interact below -35 K. Magnetic
ordering occurs in all compounds investigated, but the type of ordering and the critical parameters of the
magnetic phase diagram are again strongly influenced by the chemical composition.

I. INTRODUCTION

Rare-earth ions in certain noninsulating com-
pounds are labeled "mixed valent" in the sense,
that their 4 f" and 4f " '5d configurations are en-
ergetically equivale'nt. In the 4f" '5d configura-
tion the 5d electron is regarded as delocalized and
therefore the two configurations correspond to two
different valence states of the rare-earth (RE)
ions. This degeneracy favors the hybridization of
the localized 4f and the extended 5d wave functions.
Consequently the average number of 4f electrons
on a given ion site is no longer an integer and the
4f electron'density has to be described in terms
of a new ground state. Increasing experimental
evidence suggests that the phenomenon of mixed-
valent ions is a widespread feature of HE com-
pounds [we do not consider the case of transition-
metal mixed-valence compounds (MVC)] but a gen-

erall

and consistent theoretical description of such
systems has not yet been elaborated. '

Experimentally it is obvious that mixed-valent
compounds are rather complicated with respect
to the electronic configuration. Either the mixed-
valent state is only stabilized by inconvenient ex-
ternal parameters (high pressure, chemical alloy-
ing) or the materials exist in a wide homogeneity
range of their chemical composition and their
physical properties change quite drastically within
this range. All these features are responsible for
many uncertainties in the experimental results of
studies on such materials.

In mixed-valent compounds of Ce, Sm, Eu, and

Yb, one of the two possible configurations involved
is nonmagnetic, i.e., the total angular momentum
J =0, In such compounds, the magnetic moments
seem to average to zero and no magnetic ordering
is observed at low temperatures. ' In compounds

with Pr, Tb, and Tm, both valence states of these
ions are magnetic (Zx0) and at least in one case,
namely TmSe, long-range magnetic ordering has
been observed in a mixed-valent material. ' '
Apax't from this unique feature, TmSe has the ad-
vantage of being a mixed-valent system already
at normal pressure and without alloying. More-
over it is essential that the only possible itinerant
electrons originally stem from the 4f shell, a
situation which is quite different from that in
rare-earth intermetallic compounds with mixed-
valence character, such as EuCu Si, Yb| uA1, '—
for instance.

Even the earliest investigations of TmSe revealed
quite clearly that this material unfortunately is
very difficult to prepare with reproducible com-
position and physical pr operties. Exper imental
results of various studies varied drastically from
one sample to another. ' '

Since it has been realized that it is the chemical
composition which decisively influences the be-
havior of TmSe, we started our investigation of
TmSe by varying the Trn to Se ratio. The purpose
was to obtain a first systematic and extended anal-
ysis of several physical properties. " Anticipating
our results as a guideline for the reader we men-
tion that the valence of Tm indeed strongly depends
upon the chemical composition of TmSe. There-
fore the variation of the stoichiometric ratio may
be regarded to a certain extent as a tool to vary
the Tm valence in TmSe. Special attention has
been given to the characterization of the samples
used in the experiments (see Sec. II). Whenever
possible all the data have been taken on the very
same single crystal. 'Thermal and transport pro-
perties, including their variation under the in-
fluence of external magnetic fields or pressure,
reveal the special features of the magnetic-ion-

1979 The American Physical Society



248 BATLOGG, OTT, KALDIS, THONI, AND WACHTER

conduction-electron interacti'on and hence of the
mixed valent state. In that respect it is of funda-
mental importance to distinguish between the case
where each Tm ion has the same, but intermediate
valence (homogeneous MVC) and the possibility of
a static distribution of divalent and trivalent Tm
ions within the compound (inhomogeneous MVC).
The experimental results of our investigation are
presented in Sec. III. In Sec. IV we discuss the
implications of our data with special emphasis on
the intermediate valence character of TmSe and
in Sec. V we summarize the results of our investi-
gation.

II. SOLID-STATE CHEMISTRY OF Tm„Se

From the chemical point of view the main pur-
poses of this investigation were (i) to understand
the phase relationship of Tm-Se and (ii) to find
out if a valence instability is affecting the solid
state chemistry of TmSe. Some of the results
have been published elsewhere" and here, we

present mainly the results concerning homogene-
i:ty. As the phase purity is of primary importance
for valence i.nstability problems, the phase dia-
gram of TmSe was investigated up to 2300'C in the
composition range 0.60& x& 1.20. [x = (mole Tm)/
(mole Se)]. We used differential thermoanalysis
(Mettler Thermoanalyzer) in small sealed W cru-
cibles (diam=4. 5 mm), metallography, energy
dispersive analysis of x rays, wet chemical anal-
ysis, density and microhardness measurements,
as well as scanning electron microscopy. The
lattice constant has been determined by a Debye-
Scherrer technique and will be discussed in detail
below. The results of these combined investiga-
tions not only show the existence of a gross homo-
geneity range at 300 K for Tm„Sebut also locate
its Tm-rich phase boundary at 1.03& x& 1.05 and
its Se-rich phase boundary at x- 0.90. In addition,
the homogeneity is also confirmed by single crys-
tal Weissenberg photographs' and by electron
dif fr act ion.

The results of the phase diagram investigations
can be used to optimize the crystal-growth condi-
tions from the melt. Since two phase transitions
of unknown nature have been observed at T =1000
and 1650 C, long annealings should be performed
at these temperatures. An alternative method is
slow continuous cooling from the melting tempera-
ture the maximal value of which in the Tm-Se
phase diagram is 2032 + 10 'C. Various cooling
rates were used between 280 and 5.5'C/min. Good
results were achieved in the range of 40-50 'C/min
with a reverse gradient position, At cooling rates
near 5 'C/min the excess component was rejected
from the slowly growing crystals due to constitu-

tional supercooling. Details of the general experi-
mental methods, W crucibles, their sealing by
electron bombardment, furnace design, etc. , have
been given previously. "

To obtain information on the incorporation of Tm
and Se in the TmSe lattice, precision density mea-
surements have been performed, "by the buoyancy
method. It was found that the experimental den-
sities were lower than the calculated ones. The
results are consistent with a model assuming that
all exiSting vacancies are the sum of Schottky
pairs and of vacancies due to nonstoichiometry.
The latter appear because the solution of Tm or
Se in the TmSe lattice (in the homogeneity range)
takes place by formation of vacancies in one sub-
lattice. Therefore the lowest concentration of
vacancies, approximately 7.2 && 10"cm appears
at the stoichiometric composition. The highest
concentration of vacancies (4 &&10" cm ') appears
at the composition with the maximal deviation
from stoichiometry (x = 0.90).

Very interesting conclusions about the vacancy
distribution can be drawn from electron diffraction
patterns recorded in a JEM 100 C electron mi-
croscope. For this purpose, fine crystal frag-
ments were collected on holey carbon supporting
films. The basic NaCl strgcture has been con-
firmed for samples of varying composition. The
samples with Tm deficiency show bands of diffuse
scattering, in addition to the reflections of the
NaCl-type unit cell. The intensity decreases
monotonically to zero as their composition ap-
proaches stoichiometry. The diffuse features,
shown for a characteristic example in Fig. 1, are
very similar to those observed by Kennett and
Rudee" in Zr-deficient zirconium sulphide. They
are thought to arise from short-range ordering of

FIG. 1. Electron-diffraction pattern from Tmp 8jSe.
The electron beam direction is [011].
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TABLE I. Physical properties of Tm, Se derived in this work.

=—n~ ./ns,
Lattice constant a 0 (L)
Valence of Tm fromao
Compressibility z at 300 K (10" bar )
Electrical resistivity at 300 K (pQ cm)
Paramagnetic Curie temperature e& (K)
Effective magnetic moment p, ff ( pa/Tm)
Nd'el temperature E~ (K)

0.87
5.6285

+3
1.5 +0.15

210 +10
-19.5

7.29

0.97
5.6635

+2.89
3,8 +0.2

225 +15
-24

6.77

1.0
5.705

+2.75
4.2 +0.2

235 +15
-29

6.39
2.9

1.05
5.7155

+2.72
3.2 +0.2

255 +20
-31.5

6.02
3.5

Tm vacancies. The spatial extent of the streaks
indicates that there may be vacancy correlation
over 50-100 A.

The measurements of the lattice constant alone
provides some information concerning the valence
state of the Tm ions. We again emphasize the x
in Tm, Se denotes the ratio (mole Tm)/(mole Se)
and. not the occupation number of either the cation
or the anion sublattice. The lattice parameters
a, of Tm„Seare given in Table I and have to be
compared with the ones of other monochalcogen-
ides of divalent and trivalent HE, A critical in-
spection of all data available in the literature
leads to a", =5.63 A and a", =5.94 A for pure
Tm"Se and a hypothetical Tm"Se, respectively.
Divalent RE ions have a larger size because they
have, compared with the trivalent ones, an addi-
tional electron occupying the highly localized 4f
she11 which results in screening of the nuclear po-
tential and consequently in a spreading out of the
outer valence shells. The average valence of Tm
in Tm„Semay now be obtained, in the absence of
a better way, by a linear interpolation of the mea-
sured lattice parameter between the two limiting
values a", and a,"(see Table I). The remarkable
variation of a, in Tm„Se, which is an order of
magnitude higher than in Gd„Sewith similar sto-
ichiometry variations, "is a clear manifestation
of the fact that the valence state of Tm in TmSe
is mainly determined by the chemical composition.
The amount of divalent Tm character therefore
gradually increases from -0/0 in Tm, „Seto -28%
in Tm, „Se.Thus the investigations described in
the following part of this paper constitute a study
of the physical properties of TmSe with respect to
the varying valence state of Tm due to the con-
trolled change of the chemical composition.

III. EXPERIMENTAL RESULTS

A. Magnetic susceptibility

%e have measured the magnetic susceptibility
X = M/& in an external magnetic field of 500 Oe
between 1.5 K and room temperature. In Fig. 2

we show X
' as a function of temperature for all
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FIG. 2. Beciprocal magnetic susceptibQity of Tm„Se.
Deviations from the linear temperature dependence be-
low —35 K increase as the divalent character of the Tm
.ions increases.

compounds investigated, In each case a linear
change of g

' with temperature is observed for
T &50 K. In terms of a Curie-Weiss law a sys-
tematic change of the effective moment P,&f and the
paramagnetic Curie temperature e~ is found (see
Table I). With increasing x, p,« is decreasing and

e~ increases on the negative temperature axis.
The decrease of the effective moment is in agree-
ment with a systematic increase of the divalent
character of the Tm ions as deduced from the
lattice constant measurements because the free
ion values of p,~ are 7.56 and 4.58 p.~ for Tm"
and Tm", respectively. The increase of the neg-
ative paramagnetic Curie temperature combined
with the decreasing Curie constant indicates a



BAT LONG, OTT, KALDIS, THOXI, AND WACHTKR

strong variation of the exchange interactions. In
all the compounds we observe a drop of X

' below
the Curie-Weiss straight line a.t temperatures be-
low about 35 K and the deviation grows with in-
creasing Tm content. Since in our experiment we

actually measure a magnetization we may also
state that below 35 K the apparent magnetic mo-
ment of the Tm ions is enhanced above the value
derived from the high-temperature behavior, con-
trary to what is usually observed in mixed valent
compounds where the apparent magnetic moment
usually decreases with decreasing temperature.

Previous authors' have applied molecular-field
theory for the interpretation of the magnetic phase
transitions. In the same approximation our ex-
perimental values of T„and6~ can be used to pre-
dict the type of ordering and compare it with the
experimental results of neutron-diffraction stud-
ies, where a type-I antiferromagnetic order was
found in zero magnetic field. ' According to
Smart" we may write in our case

—'-, J, +BJ,=T„16J,+8J, =e, .

Here we assume the same effective spin S=1 a,s
has been used in Ref. 5. Fro& these equations we
obtain in the ease of Tm, ,Se J, = -1.52 K and J,
= -0.64 K, and therefore j,/ j,& 0. A type-I anti-
ferromagnetic ordering, however, requires j,/j,
& 0, i,e. , the next nearest-neighbor exchange J2
has to be ferromagnetic. In all our cases we find
j,&0 and j,/j, &0. This is particularly due to the
very large negative values of 6~ as derived from
the temperature dependence of y well above 35 K.
Since neutron-diffraction experiments' clearly re-
vealed type-I ordering in zero field for samples
exhibiting the same magnetic phase diagram as
that shown in Fig. 12, we conclude that below 35
K the exchange interactions start to vary consid-
erably with temperature. It appears that J, be-
comes increasingly ferromagnetic with decreasing
temperatur e and hence type-I antiferroma. gnetic
order finally is stabilized below T„.It is inter-
esting to note that the compound Tm, »Se, where
this variation of J, is obviously very weak, does
in fa,ct not show type-I ordering. Type-II ordering
consistent with our experimental values of T~ and

6~ for this compound has indeed been reported for
Tm deficient samples. " In this case, additiona, l
complications arise, because the long-range or-
dering may be inhibited by the large a.mount of
vaca.ncies. Although the deviations from the
Curie-Weiss law also set in at 35 K in this case,
they are obviously not strong enough to change the
type of ordering from that predicted by the high
temperature behavior. We note that the stability
criteria for the various magnetic phases ba, sed on

the molecular field approximation do not depend
on the choice of S and the above discussion also
holds for SW1. The strong variation of y in Tm„Se
below 35 K (this temperature is independent of
chemical composition) may be associated with the
intermediate valence character of TmSe, because
the abrupt change of the temperature dependence
is not only observed for y but also for the elec-

tricall

resistivity (see below).
The calculation of the magnetic susceptibility is

usually straightforward for RE compounds with
ions of well defined valency, Calculating g on the
ba, sis of Tm" ions seems most justified for the
case of Tm, Q7Se where we have several indications
(lattice constant, P,«) that the Tm ions are close
to trivalent. For Tm" ions in the NaCl structure
we expect a singlet ground state of the crystal
field-split Hunds-rule multiplet, and therefore a
Van Vleck behavior of g at the lowest tempera-
tures. The facts that (i) we do not observe the
te mperatur e-independent Van Vleck paramagne-
tism and (ii) that X follows a Curie-Weiss law
with virtually the full moment of free Tm" ions
down to 35 K indicate that a. possible erysta. l-field
splitting of the 4f electron energy. levels would
have to be very small and in addition, the ground
state might not be a singlet state. Using the ex-
pression y

' =g&F —~, where X« is the crystal-
field only susceptibility and A. is the molecular
field constant, the experimental curve can, inde-
pendent of the level sequence, be approximated by
choosing the crystal field parameter B4 to be of
the order of 1 mK, consistent with previous ca,l-
culations, ' and setting X- -5 mole/emu. It has to
be mentioned, however, that the calculated sus-
ceptibility is not very sensitive to the choice of
B~ and therefore not very well suited for a deter-
mination of the crystal field interaction. We also
note that an estimate of ~, based on the assump-
tion that Tm, »Se is a crystalline-electric-field
induced-moment magnet (singlet ground state) and
on the fact of the very small crystal-field splitting
results in a value of A. -0.2 mole/emu. With pre-
vious authors' we therefore tend to the conclusion
that singlet-ground-state behavior is not the es-
sential ingredient in the magnetism of Tmp»Se.

B. Electrical resistivity

The electrical resistivity p has been mea. sured
as a function of temperature (0.04 ~ T & 300 K),
magnetic field (If up to 20 kOe) and room-tempera-
ture external pressure up to 20 kbar. A four-
probe dc technique has been used and both the cur-
rent and the external magnetic field were parallel
to I IOO],
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FIG. 3. Electrical resistivity of Tm„Se (x = 0.87,
0.97) as function of temperature. Tz indicates the mag-
netic ordering temperatures.

1. Zero magrietic field

The room-temperature value of p increases
from 210 p.Q cm for Tmp'87Se to 255 p.Q cm for
Tm, »Se (see Table I) and thus is only slightly
higher than the one of Gd„Se,23 containing only
trivalent Gd. At lower temperatures the electri-
cal resistivity is strongly affected by the chemical
composition, Starting with Tm, „Se,the p vs T
curve (Fig. 3) may be interpreted as a normal me-
tallic background (sp/BT &0) with a broad peak
superimposed, leading to a. flat maximum around
T =60 K and an s-shaped decrease below this tem-
perature (see insert Fig, 3), The point of inflec-
tion is at -12 K. The resistivity of crystals with
a, lattice constant indicating partia, l divalent Tm
.character steadily increases with decreasing tern-
perature (Figs, 3 and 4, note the logarithmic tem-
perature scale). The slope Sp/ST becomes more
and more negative when stoichiometry is ap-
proached and appears to be constant for x~ 1,
The linear dependence of p vs logT between about
40 and 4 K is evident and resembles the resistivity
anomalies provoked by magnetic ions in a metal-
lic, nonmagnetic matrix (Kondo effect). The oc-
curence of long-range magnetic order is also re-
Qected by the electr ical resistivity. Whereas

Tm, »Se only shows a small additiona, l shoulder
just above T„(isnert Fig. 3) the resistivity of
Tm„Sewith x& 1 increases considerably below T~,
forming a pronounced kink of the p(T) curve at T„
and 9 p/9T actually remains negative down to 40
mK, in agreement with previously reported re-
sults" (Fig. 4).

2. Nagnetoresistance

The zero-field measurements already indicate
that the magnetic state strongly influences th~
electrical resistivity and previous authors have
actually found a strong negative variation of p by

applying external magnetic fields of moderate
strength. " " In Tm„Sesamples with x& 1 the re-
sistivity at T =2 K is hardly affected by an ex-
ternal field and the relative change b, p/p is only
about 1% at 20 kae. The situation changes quite
dra, stically when x ~ 1. A strong negative mag-
netoresistance is observed and a representative
set of experimental curves is shown in Fig. 5 for
the stoichiometric compound. Below TN, two
critical fields (-2 and -5 kae, at 2 K) separate
three different phases. We also note that the
phase below -2 kOe does not reappear after a
field sweep to H& 5 kOe. No anomaly of p is then
observed at T~ when the sample is subsequently
heated above T~. The drop of p at the higher crit-
ical field becomes sharper with decreasing tem-
perature but no hysteresis could be detected. The
resistivity of Tm, ,Se at 20 kOe is still larger than
at room temperature. Above TN, p decreases pro-
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FIG. 5. Magnetoresistance curves of Tm& OSe at dif-
ferent temperatures. Below the magnetic ordering
temperature T~, the enhancement of p in fields lower
than - 2 kOe disappears after a first field sweep to
H &5 kOe.

portional to H' in low fields but tends to level off .

at the upper end of our field range.
In samples with Tm excess (x&1) the resistivity

is similarly influenced by magnetic fields and

different phases are observed below T„asin

Tm, ,Se, but the effects are larger in magnitude.
We note that at 2 K the ratio p(H = 0)/p(H =20 kOe)
exceeds 100 and the resistivity drops below its
room temperature value with only a few kilo-
oersteds, depending on the temperature. We also
have to mention the occurence of additional anom-
alies of unknown origin just above T„in fields up
to a few kilo-oersteds.

3. Resistivity at high pressures

The TmSe crystals give strong visual evidence
of their metallic character. The long-wavelength
part of the visible spectrum is strongly reflected
by the plasma of the free charge carriers, leading
to the metallic copper-brown color. ' At high
pressures we therefore do not expect similar
spectacular changes of color and resistance as
observed when Sm, Eu, and Yb monochalcogenides
undergo a pressure induced semiconductor-to-
metal transition. ' On the other hand, the lattice
constants of Tm„Sereveal some divalent Tm char-
acter (25% on the stoichiometric compound) and
thus the Tm ions are expected to be transformed
under high pressures into the pure trivalent state.
The electrical resistivity at ambient temperature
under hydrostatic pressures up to 20 kbar has
been measured in a piston-cylinder device with

PIG. 6. Relative pressure dependence of the elec-
trical conductivity 0 at room temperature.

ether as the pressure transmitting medium. "
The results for Tm„Seare shown in Fig. 6 where
the correction for the geometry factor due to
sample compression has properly been taken into
account, Generally the conductivity increases
(the resistivity decrea. ses) at high pressures. In
the samples with a, Tm content closest to stoichi-
ometry the effect is maxima, l and their conductiv-
ity at p =20 kbar is about 30k higher than at nor-
mal pressure. The relative change per kba, r ap-
pears to decrease at higher pressures, but no
discontinuity can be observed.

C. Compressibility

As mentioned already, the 4f occupation num-
ber, determining the valence, and the radius of
the RE ions are closely related. Any insta, bility
of the electronic configuration involving the 4f
shell therefore gives rise to a change of the lattice
properties such as lattice constant or bulk modu-
lus. An illustrative example is the anomalous vol-
ume reduction accompanying the pressure induced
valence change of Sm and Yb in their monochalco-
genides. " The instability of the 4f configuration
in Sm, „Y„S,' and in |e, „Th„"is also reflected
in a drastic softening of the lattice.

The volume-pressure relationships of Tm„Se
single crystals have been determined at room
temperature using a strain gauge technique. From
repeated measurements on different samples with
the same composition an accuracy of 5/o could be
esti.ated. . We have found that the compressibility
a =-(1/V)(a V/aP) of Tm„Se is strongly varying
with the chemical composition and reaches a max-
imum at stoichiometry (Table I). Whereas z ap-
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FIG. 7. Pressure dependence of the compressibility
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pears to be pressure independent up to 10 kbar for
x =0.87 and 0.97, it decreases markedly with in-
creasing pressure for samples with x ~ 1 (Fig. 7).

From a, comparison with other semiconducting
and metallic RE monochalcogenides the "normal"
compressibility of TmSe can be predicted.
Accordingly metallic Tm" Se and a hypothetical
semiconducting Tm" Se should have a K of -9.95
x10 '. and -1.6x10 ' bar ', respectively. The ob-
served values, however, are up to a factor of 4
larger than the expected ones, and a deta. iled in-
terpretation will be given in one of the following
sections. In anticipation we note that these en-
hanced compressibilities will play an important
part in the discussion about the valence state of
Tm.

50

40—
Trn Se

field for Tm, „Seand for Tm, »Se in more detail
in Fig. 8. It may be seen that the behavior is
qualitatively different in these two compounds and
we note that for Tm, „Se,in contra, st to the rest
of the series, no negative slope of o. (T) is ob-
served.

As has been shown in earlier work' the low-
temperature thermal expansion coefficient is
strongly influenced by applying an external mag-
netic field. This is illustrated in Fig. 9 for
Tm, ,Se with the magnetic field direction paral-
lel to [100]. For fields less than 3 kOe, the anom-
aly remains almost unchanged a,nd is only slightly
broadened on the low-temperature side. For fields
stronger than 5 kOe, however, two distinct maxima
appear, corresponding to phase bounda. ries III and
IV in the ma, gnetic phase diagram (see Fig. 12).

D. Thermal expansion and magnetostriction 30

H=O
H = 2.75 kQe
H = 515 kQe
H = 10kOe

The linear thermal expansion coefficient u was
measured along [100] between 1.5 and 15 K and in
various external magnetic fields up to 15 kOe. We
have already shown how the variation of x influ-
ences the temperature dependence of n in this
temperature range. ' For x&1 we found a strong
anomaly of n at the magnetic phase transition in
zero magnetic field, the strength of the anomaly
(or the total strain) becoming larger with increas-
ing x. For x& 1 this anomaly is quenched by a
factor of 10 for x =0.97 and no similar anomaly is
found for x =0.,87. Complementary to previous
publications"" we show n(T) in zero magnetic

20-

10—

0
1 I

10 12
Temperature (K)

FIG. 9. Thermal expansion coefficient e for Tmg pSe
at different magnetic fields, between 1.5 and 12 K.
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With still increasing magnetic field the lower
anomaly disappears and n even becomes negative.
The upper anomaly is shifted to higher tempera-
tures and gradually flattened out. Generally, the
same behavior was observed in Tm, »Se and with
much weaker anomalies in Tm, »Se. Magnetic
fields have almost no influence on the thermal ex-
pansion of Tm, »Se, very similar to what has
been found in the electrical resistivity experi-
ments (see above).

In previous work the magnetostriction data have
mainly been used to establish the magnetic phase
diagram of these substances. ""'"'"Here we
also present the results of magnetostriction ex-
periments in the paramagnetic region, where the
strain c =[l(H) —l(0)]/l(0) varies quadratically with
the magnetic field H. In Fig. 10 we show the tem-
perature dependence of the total strain e in a mag-
netic field of 10 koe. We immediately note that
for the whole series investigated the strain is
negative and increasing in magnitude with increas-
ing Tm content. Magnetostriction data in the pa-
ramagnetic region have been presented before for
TmS, Tm„Se, and TmTe. " It was shown that the
magnetostriction of Tm Te is positive and that this
can be understood by considering the influence of
the crystal electric field- split ground state of the
4 f" configuration of Tm" ions. In this case the
sign of the magnetostriction is in agreement with
the sign of the n& Stevens multiplicative factor, a
feature that has been verified for several BE in-
termetallic compounds before. " This is, how-
ever, not the case for TmS and TmSe. Unfortu-
nately, TmS is not a straightforward case'because
the magnetic field induced strain is, although neg-
ative, very small and several competing contribu-
tions may. lead to this behavior. The crystal-field
only magnetostriction is expected to be positive
for TmS also. Comparing with these earlier re-
sults for TmS where the Tm ions are trivalent,
we find almost the same magnetostriction for
Tma 87Se, a further indication that in this com-
pound the Tm ions are .closest to being trivalent
in the Tm„Seseries. We note however that the
behavior of TmS and 'Tm, „Sediffers consid-
erably in thb ordered region.

Figure 10 clearly reveals that the increasing
divalent character of the Tm ions with increasing
x obviously does not lead to a temperature depen-
dence of e(H) as was observed for TmTe. Instead
we measure an increasingly negative strain in the
[100] direction. From low-temperature measure-
ments of the magnetic susceptibility under hydro-
static pressure one expects a positive volume
strain when applying an external magnetic field.
Earlier work on TmSe, ' however, has shown
that a magnetic field along [100] produces a tetrag-
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FIG. 10. Temperature dependence of the magneto-
striction of Tm„Sealong j1001 in an external magnetic
field of 10 kOe. c= [E(H) -E(0)]/E(0).

onal strain and the negative sign of e,po shows
clearly that anisotropic interactions are important.
The temperature dependence of e(H) still makes it
tempting to ascribe the magnetostriction to the
volume and fieM dependence of the crystal field
energy levels of the 4f electrons but CEF effects
alone would predict 6 00& 0 and, far more impor-
tant, no manifestation of any other crystal-field
effect in TmSe has been found yet. We recall,
however, that the temperature dependence of the
magnetic susceptibility y also strongly deviates
from a Curie-Weiss behavior at low temperatures
(see above) and we therefore suggest that the an-
isotropic strain dependence of the exchange inter-
actions A. is responsible for the magnetic field in-
duced strains and that the strong temperature de-
pendence of e(H) is then at least partly due to the
temperature variation of A.. From Maxwell's re-
lation se, /sH =Q(sM/su, ), where Q is the molar
volume, I the magnetization, and cr, a stress in
the i direction, we obtain e; = —,z, yH'(9 Iny/&e;),
where ~; is a uniaxial compressibility. For the
volume strain a V/V this formula also predicts a
positive strain since & Iny/S lnV has been deter-
mined experimentally and found to be positive. '3

High pressure work at low temperature" has
shown quite clearly, however, that the magnetic



NIAG N ET IC MIXED VALENT TmSe

properties are very sensitive to anisotropie
strains and from our experiments we conclude
that a positive tetragonal strain along [100] re-
sults in a decpease of the susceptibility, at least
in the paramagnetic region.

Results of magnetostriction experiments below

7„,the ordering temperature in zero magnetic
field, have been given previously. " Here we
should only like to mention that qualitatively the
same behavior was found in Tm, „Se,Tm, ,Se,
and Tm, O,Se. The magnitude of the strain effects
is, however, quite different in all three cases and
also the values of the critical fields associated
with the boundaries of the magnetic phase diagram
differ appreciably. According to our magneto-
striction measurements the phase boundary IV ap-
pears to have a negative slope in Tm, »Se.

IV. DISCUSSION

First it must be made clear whether the mixed
valence state of Tm„Sehas to be interpreted in
terms of a static distribution of divalent and tri-
valent Tm ions (similar to, e.g. , Eu in Eu S4) or
whether all Tm ions, in a quantum mechanical
sense, combine the divalent and the trivalent ehar-
aeter and, in their ground state show mixed va-
lence behavior. These two possibilities are usu-
ally labeled as inhomogeneous and homogeneous
mixed valence, respectively. In general, mea-
surements of the isomer shift in the Mossbauer
spectra allow an unambiguous distinction between
these two cases. This most direct method cannot
be applied to TmSe because the isomer shift in
Tm corresponding to the different valence states
is much smaller than the line width itself. The
combination of all our measurements, however,
gives strong evidence that the Tm ions in Tm„Se
(x =0.97, 1.0, 1.05) are in a homogeneously mixed
valence state, as will be discussed in the foQow-
ing.

Penney and Melcher'~ have worked out a model
describing successfully the electronic configura-
tion crossover and the lattice collapse in SmS and
related compounds. They have considered both
elastic and electronic energies and find that the
mixed valence state is, in general, characterized
by a compressibility which is higher than in the
pure integer valence states. The increase of the

compressibility of Tm„Sewith increasing x and the
positive pressure dependence of the electrical con-
ductivity are consistent with this model and hence
are the strongest indications that the Tm ions are
in a homogeneously mixed valence state. This is
further supported by measurements of the far-
infrared ref lectivity as a function of temperature.
As in metallic SmS and SmB„""two well estab-

lished homogeneously MVC, the excitation spec-
trum reveals anomalies at low photon energies
which have to be attributed to strong absorption
mechanisms, due to a high density of states at
the Fermi energy, typical for homogeneously
mixed valent compounds. s'

In combination with the measurements of the
compressibility it is quite interesting to note that
the total thermal contraction from room tempera-
ture to 4.2 K is about twice as large for the Tm-
rich samples as for the Tm deficient specimens.
Thus the increase of the compressibility is ac-
companied by an increase of the thermal expansion
coefficient indicating the growing contribution of
the anharmonic terms of the lattice potential in
crystals with mixed valence character.

The magnetic ordering at low temperature would
be much easier to explain for an inhomogeneously
mixed valence state. In this case it should be
possible to describe the magnetic susceptibility
by adding up the respective contributions from
divalent and trivalent Tm ions, but we find that
this is not possible within reasonable limits. For
an inhomogeneously mixed valent state we would
also expect that at least indications of crystal-
field effects on thermal properties should be ob-
served but previous work has shown that this is
not the ease. Based on all these facts we conclude
that: in Tm, Se (x=0.97, 1.0, 1.05) the Tm ions are
all in a homogeneously mixed valent state. Only
for the sake of completeness do we not exclude
the possibility of small amounts, (of the order of
a few percents) of divalent and trivalent Tm
ions to be present in our samples. Such "impuri-
ties" could arise mainly from crystal imperfec-
tions other than vacancies.

From all our experiments it follows consistently
that the diva, lent character of the Tm ions in-
creases with increasing x. Since this increase of
divalency is accompanied by an increase of the
lattice constant it should be possible to suppress
the diva, lent character by applying external hydro-
static pressure. Guertin and co-workers" con-
cluded from their low-temperature measurements
of the magnetization of Tm„Se,.under external
pressure that with incre- sing pressure the Tm
ions gradually loose their partial divalent char-
acter and they estimated, in combination with
compressibility data from ultrasonic experi-
ments, "that above approximately 20 kbars, the
Tm ions should be purely trivalent. It may be ex-
pected that the difference between the mixed va-
lent and the trivalent state manifests itself in the
electrical resistivity. From our resistivity and
volume measurements under pressure we have
calculated the electrical conductivity o = p

' as a,

function of the lattice parameter and the result is
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FIG. 11. Electrical conductivity 0 of Tm„Seas func-
tion of the lattice parameter at room temperature. The
bars indicate the uncertainty of the absolute value due
to the geometry factor.

shown in Fig. 11. For a.ll sa.mples the curves lie
surprisingly close together and reflect a. common
behavior. The applied pressure is sufficient to
reduce the lattice constant of Tm, 97Se and Tm, ,Se
below the one expected for purely trivalent TmSe
(a-5.63 A). Evidently we do not observe any dis-
tinct discontinuity of o(a) around that value but at
least for x =0.97 and 1.0 the slope appears to
change. We recall that the resistivity of SmS does
not show any anomaly when going from the inter-
mediate va, lence range to the pure trivalent one
either. " If we consider that both the charge car-
rier concentration and the mobility determine the
conductivity it is difficult to analyze the results
of Fig. 11 in a. straightforward way. As indicated
above, however, the volume reduction energeti-
cally favors the 4f "5d configuration of the Tm
ions rather than 4f" and hence electrons are
more likely occupying conduction-band states than
localized 4 f orbitals. As a consequence the aver-
age charge carrier concentration n, increases.
This increase should also show up in a positive
shift of the plasma resonance energy he~ since
~~ is proportional to n,' '. Preliminary reflectiv-
ity measurements at high pressures indeed reveal
a shift of ~~ towards higher frequencies and we
therefore conclude that the increase of the con-
ductivity with decreasing lattice parameter is at
least partly due to a,n increase of the carrier con-
centration. The smooth curves in Fig. 11 are con-
sistent with a gradual valence change of the Tn

ions and the further increase of 0 with decreasing
lattice parameter below 5.63 A, in the trivalent
state can probably be traced back to the influence
of pressure on the energy bands which is obviously
quite considerable as well. Of course, the pres-
sure required to reduce the lattice parameter be-
low the "pure trivalent" value of -5.63 A, strongly
depends on the compressibility and the zero pres-
sure lattice constant. For Tm, 978e and Tm, ,Se
these pressures are 6 and 10 kbars, respectively,
therefore considerably lower than estimated in
Ref. 33.

The volume deperidence of the conductivity is
more pronounced in Tm«, Se. It seems quite
likely that in this case the va, cant RE sites are
trapping electrons and hence reducing the free-
carrier concentration. As a visible consequence
the color of Tm, »Se is purple, in contrast to the
usual copper-brown color of all the other com-
pounds with higher Tm contents. The rather large
pressure dependence of o may then be explained
by a large volume dependence of the binding ener-
gy of the trapped electrons. Similar effects have
been observed before in metal deficient Gd chal-
cogenides. The fact that Tm, »Se still has the
lowest room temperature resistivity of the series
shows that one obviously has to consider mobility
effects a.s well. Estimates using optical data.""
actually indicate that the mobility decreases ap-
preciably with increasing divalent Tm character
from -1.9 cm'/V sec for Tm, »Se to -1 for
Tml p5Se This is exactly what one expects in the
homogeneously mixed valent situation where both
4f and 5d states are present at the Fermi energy.

Turning to the temperature dependence of the
resistivity we find again a quite different behavior
in Tm, »Se compared to the rest of the series
(Fig. 3). Such a temperature dependence of p
might possibly be explained by taking into account
crystal-field effects ca,used by the splitting of the
J =6 ground state of the Tm" ions. It would,
however, require an energy splitting much larger
than that observed in corresponding Tm mono-
pnictides but recent estimates based on neutron
diffraction experiments resulted in rather small
crystal-field interactions in Tm„Se.

In all other compounds p steadily increases with
decreasing temperature. Volume effects due to
thermal expansion hardly cha, nge the average num-
ber of charge carriers and if anything n, should
slightly increase and hence decrease the resistiv-
ity. The increasing negative slope Bp/BT with in-
creasing mixed valence character of the com-
pounds indicate the gradual onset of a scattering
mechanism which strongly depends on tempera-
ture. It is very tempting to ascribe the logarith-
mic increase of p with decreasing temperature (see



19 MAGNETIC MIXED VALENT Tm Se

Fig.4) to a Kondo-type scattering but again the tem-
perature dependence of y.

' (see Fig. 2) is not in agree-
ment with such an explanation. Further arguments
against explaining the resistivity behavior on the
grounds of a Kondo effect arise from a comparison
of the characteristic "Kondo temperature", TE of
approximately 15-20 K, as deduced from p(T), .

with the rather weak magnetic fields of about 10
kOe (-1 K) necessary to compensate the enhanced
resistivity. It should also be kept in mind that the
Kondo concept applies strictly only for the case of
very dilute systems (non interacting magnetic im-
purities) and this is certainly not the case for
TmSe and Tm, „Sewhere the divalency of the Tm
ions amounts to 25% —30/0. Although theoretical
attempts have been made to generalize the dilute
case towards the concentrated limit, "'~' we feel
that these calculations are not yet at the state for
comparison with experimental results of real sys-
tems. Another mechanism to be considered prob-
ably in every explanation of the low-temperature
raise of the resistivity is based on the homoge-
neously mixed valent situation itself. Since the
density of excitation states is very high in a small
energy range 6 around the Fermi energy due to
the hybridization of the 4f and the 5d states, the
transport properties are expected to change if the
thermal excitation energy becomes comparable or
even lower than h.

At this point we think it is essential to mention
what we believe is one of the major unsolved prob-
lems concerning the interpretation of the physical
properties of Tm„Se, namely the construction of
an electronic ground state exhibiting mixed valence
properties including a nonzero magnetic moment.
Several attempts have been made to construct a
mixed valent ground state but they are all related
to the case where one of the possible ionic con-
figurations is nonmagnetic and it appears that with
this condition one observes a weakening of the
magnetization with decreasing temperature. ~ In
the case of Tm„Seone has to find a mechanism
which with decreasing temperature not only en-
hances the electrical resistivity but also the mag-
netic moment. It is quite obvious from Figs. 2

and 4 that for Tm, „Seand Tm, ,Se both Bp/8T and
&y/eT change considerably around 35 K. The
same features, although much weaker, are dis-
cernible in the case of Tm, »Se. As pointed out
above a distinctly different behavior is observed
in Tm, „Se.That the change of slope of a trans-
port property (p) and a static thermodynamic
quantity (y) appears at the same temperature again
gives strong evidence for an intimate interplay of
localized and itinerant electron states. It has been
suggested that double exchange interactions might
be relevant to the behavior of Tm„Se.~ The double

exchange mechanism might lead to an increase of
the electrical resistance assuming an increasing
antiferromagnetic correlation in the ion lattice
and the antiferromagnetic ordering would be ac-
companied by a sudden enhancement of the resis-
tivity as observed experimentally. It has, how-
ever, to be considered that the temperature de-
pendence of X shows a contradictory behavior in
as much as we observe an increasing ferromag-
netic contribution with decreasing temperature,

The magnetic ordering of TmSe is up to now a
unique feature among the well established mixed
valent compounds. The type of ordering, the
anomalies in the physical properties associated
with the ordering and the influence of external
magnetic fields on critical values connected with
the ordered phases are clearly very much depen-
dent on x. Again Tm, „Sedoes not show the char-
aeterist, ie features of all the other compounds.
Although, mostly from magnetostriction measure-
ments, we conclude that Tmp 87Se is in some sort
of an ordered state below 4.2 K, there are hardly
any anomalies to be observed in all the properties
investigated. With such a large amount of RE va-
cancies it is even doubtful whether a long-range
order can be established. And indeed we find it
extremely important to compare our electron dif-
fraction results on Tm, »Se (Fig. 1) with the neu-
tron-diffraction results obtained on similar col-
ored Tm deficient samples. " The correlation
length of both the vacancies'and of the magnetic
moments are in the order of 100 A. Thus the in-
teraction between the magnetic moments appears
to be strongly moderated by a high vacancy con-
centr ation.

The properties in the ordered regime are best
discussed on the basis of the magnetic phase dia-
gram, first established in Ref. 3 and later con-
firmed in further investigations"" (see Fig. 12).
The phase boundaries I, II, and III are charac-
terized by discontinuities appearing in several
physical properties when studied in varying ex-
ternal magnetic fields (volume, magnetoresis-
tance, magnetization). Line IV is probably not a
phase boundary in the usual sense but roughly di-
vides two regions of quite different magnetic be-
havior, namely paramagnetism at temperatures
above IV and ferromagnetic features at tempera-
tures below line IV.

The most pronounced effects in both the mag-
netostriction and the magnetoresistance are ob-
served at phase boundary III. The positive length
change along [100] nearly compensates the con-
traction occuring at T~ in zero field and the slope
9p/pH reaches its maximum across boundary III.
With still increasing magnetic field above phase
boundary III again both magnetostriction and mag-
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FIG. 12. Low-temperature magnetic phase diagram.
for Tm& OSe and Tmf g Se.

panied by this appearance of microdomains, a fea-
ture usually not seen in other magnetically order-
ing RE materials. It may, in our case, have to do
with the enhanced compressibility and the obvious-
ly very small anisotropy energy. We ought to
mention here, that very similar effects in p(T)
and p(H) have been observed before in impure
EuTe.~ The magnitude of the resistivities were,
however, larger than in our case by a factor of
1000, indicating that doped EuTe is a degenerate
magnetic semiconductor.

The influences of x on the magnetic phase bound-
aries have already been shown in Ref. 31 and me
mention them here for completeness. Increasing
x leads to a slight increase of T„and to a lowering
of the phase boundaries III and 97. Phase boundary
II is shifted towards IIL Thus the strength of the
magnetic interactions seems to increase with the
increasing mixed valent character of the Tm ions.
This holds for the antiferromagnetic nearest
neighbor exchange J'„ascalculated from Eqs. (1),
just as well as for the ferromagnetic next nearest-
neighbor exchange J, as indicated by the lowering
of phase boundary III. This is rather surprising
since one might expect a weakening of the magnetic
interactions in the mixed valent state.

netoresistance show typical ferromagnetic satu-
ration. The sign of the slope of the magnetostric-
tion is opposite (Be/BH&0) to that observed in the
paramagnetic phase, where 3~/BH& 0. This is one
of the features to identify line Dtr of the diagram.
Further indications for the existence of IV are the
sign change of Bp/BT when measured in external
fields H&5 koe and, for a rather limited field
range, the appearance of a double peak in n(T) as
shown in Fig. 9.

A very puzzling effect i,s the sudden increase of
p at T~ when measured in zero external magnetic
field. The negative slope Bp/BT actually persists
to the lowest temperatures in the millidegrees
Kelvin region (see Fig. 4 and also Ref. 10). This
behavior is closely related to the special features
of the pha, se below pha. se boundary II. All experi-
mental facts indicate that one is dealing with an
ordered phase but split up in many tiny domains
and it appears that at least part of the additional
resistivity is due to a strong scattering at the do-
main walls. This phase can be suppressed with
rather moderate fields (boundary II) and it does
not reappear after removal of the magnetic field.
Evidence for this hysteretic behavior was recently
given by results of magnetostriction and magneto-
resistance" experiments and the same features
were observed in neutron diffraction experiments'
as well. It is still not quite clear why the zero
field type-I antiferromagnetic ordering is a.ccom-

. V. SUMMARY

The purpose of the present investigations wa, s to
study for the first time in a systematic and ex-
tended manner the properties of the magnetically
ordering mixed valent compound TmSe on mell
characterized samples. Special attention has been
given to the problems: (i) is TmSe an inhomoge-
neous or a homogeneous MVC, (ii) what is the in-
teraction between localized and itinerant electrons
and (iii) to what extent are the physical properties
influenced by the chemical composition?

To obtain this information we have measured
various physical properties, partly as a function
of temperature, magnetic field or externa, l pres-
sure, and we have varied the chemical composi-
tion of the single phase crystals of Tm„Se (where
x denotes the Tm to Se ratio) from x = 0.87 to x
= 1.05.

From all our data we are lead to the conclusion
that the variation, of the chemical composition re-
sults in a. shift of the va, lence of the Tm ions from
+3 in Tm, „Seto +2.72 in Tm, »Se. The high com-
pressibility and the magnetic susceptibility, which,
within reasonable limits, we cannot explain by a
weighted superposition of pure divalent and tri-
valent ion contributions, indicate the homogene-
ously mixed valent character of TmSe.

Independent of the chemical composition, a
change of the temperature dependence of the mag-
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netic susceptibility g and the electrical resistivity
p is observed at 35 K. Compared to the behavior
between 35 K and room temperature we note an
enhanced increase of both the apparent magnetic
moment and p with decreasing temperature below
35 K. The strong intersetion oi the 4f shell with
the itinerant electrons is also apparent in the
magnetic field dependence of the magnetostriction
and the magnetoresistance at low temperatures.
In order to explain this interaction a double ex-
change mechanism has been discussed ' but we
argue that this picture is not consistently appli-
cable, at least if the double exchange model is

taken in its traditional meaning.
In conclusion we may state that this systematic

study was necessary to establish a profound ex-
perimental background for the theoretical under-
standing of the magnetically ordering MVC TmSe.
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