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First Observation of a Magnetic-Exchange —Induced Valence Transition
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A magnetic-exchange —induced valence transition has been observed for the first time for dif-
ferent compositions x of Tml „Eu„Se. This new effect is explained in terms of an exchange split-
ting 2AE of the Sd conduction band which leads to a crossing of the lower 5d band edge with the
Tm2+ 4f'3 state at a certain temperature. The polar magneto-optical Kerr effect of the Eu2+
4f7 4f Sd transition is used to study b Eas a function of temperature via the magnetic red shift.
Volume changes of more than 1'/o have been observed which correspond to an exchange-induced
valence change of the Tm ions by 0.15.

PACS numbers: 78.20.Ls, 65.70.+y, 71.30.+h

Within the pseudobinary system Tmt „Eu„Se, the
replacement of the Eu ions by the smaller Tm ions
leads to a reduction of the lattice constant. Com-
pounds with x ) 0.25 are semiconductors and at
x = 0.2 a compositionally induced semiconductor-to-
metal transition (SMT) has been observed. '2 For
semiconducting compositions the energy gap is deter-
mined by the separation in energy of the Tm2+ 4f t3

level and the Sd conduction band, while the Eu2+ 4f7
state is located about 1.85 eV below the conduction
band. 3 The magnitude of the semiconducting gap has
been determined from the behavior of the electrical
resistivity under pressure showing a lnp-p dependence
up to the pressure induced SM-T.4 The gap Eg is found
to decrease linearly with composition x from =190
meV for x =0.85 down to = 40 meV at x =0.29 near
the compositionally induced SMT. In this Letter we
report for the first time on a magnetic
exchange induced —SMT, which we found to occur in
Tmt „Eu„Se for 0.25 & x~0.85. It will be shown
that via the magnetic-exchange splitting of the Sd con-
duction band, which is studied by the polar magneto-
optical Kerr effect, the semiconducting gap becomes
closed followed by a valence change of the Tm ions
from 2.0 up to 2.15. The transition into the
intermediate-valent phase manifests itself in a volume
collapse of I'/o.

In the case of EuSe (and of course the other fer-
romagnetically ordering Eu chalcogenides), it is well
known that the energy of the 4f7 4f Sd t2g transi-
tion becomes reduced when the sample gets magnet-
ized ("magnetic red-shift"). s In a simple model
which, however, describes the physics of this effect
quite well, the magnetic red shift is explained by an
exchange splitting of the 51 bands (for more complex
models refer to Nolting6). The spin-polarized sub-
bands are separated in energy by 24E= bJd (S;S,)/S
with the intra-atomic f-d exchange Jd, the spin-

2correlation function (S;SJ)/S, and b a scaling factor,
For EuSe, AE = 160 meV at B= 4 T which is of the

same order of magnitude as Eg in Tmt „Eu„Se and
hence it suggests a possible closing of the gap with
temperature if b, E is sufficiently large also in this sys-
tem.

A direct study of the Tm2+ 4f'3 4f'25d t2s transi-
tion, however, is difficult because of substantial free-
carrier absorption in this energy range. (Nevertheless,
such an experiment has been performed and it is in
quantitative agreement with conclusions drawn
below. ) Therefore, we have used the Eu2+
4f7 4f65d t2s excitation as a probe to study the en-
ergy and exchange splitting of the Sd band. A high-
resolution measurement of the 4f'7 excitation is
achieved by the polar magneto-optical Kerr effect gx
measured on cleaved single crystals. Figure 1 displays
typical curves at temperatures above and below the
magnetic ordering temperature of 13 K for
Tmp t5Eup 85Se indicating AE = 190 meV. The three
peaks at energies between 1.8 and 2.S eV all corre-
spond to the Eu2+ 4f'7 4f Sd t2s transition and have
been explained by a final-state splitting of the 4f con-
figuration. 8

At room temperature, the onset energy of the
4f 4f Sd t2g excitation in H„amou nts to 2.08 eV in
EuSe (somewhat larger than the gap of 1.85 eV as
determined by optical absorption5) and decreases
linearly with x down to 1.92 eV for x = 0.38. Subtrac-
tion of the respective magnitudes of Eg from these
energies yields the position of the Tm + 4f' state re-
lative to the Eu + 4f' level, which comes out to be in-
dependent of composition x [Fig. 2(a)]. The onset en-
ergy at temperatures well below the magnetic ordering
temperature, on the other hand, is reduced by the ob-
served magnetic red shift hE [Fig. 2(b)]. It comes as a
surprise that AE for 0.25 & x ~ 0.85 is larger than in
EuSe itself. Under the assumption of a temperature-
independent separation in energy of the Tm2+ and
Eu2+ 4f states, a crossing of the lower Sd band edge
with the Tm2+ 4g'3 level occurs for 0.25 & x ~ 0.85.
In other words, this low-temperature energy-level
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FIG. 4. Temperature dependence of the lo~er Sd band
edge as derived from magneto-optics and magnetization
measurements at 4 kG for Tmo5Eu05Se. The temperature
variation of the Tm valence is calculated from the measured
volume change by Vegard's law.

10
I I

P.O 30
TEMPERATURE (K)

40 50

the exchange striction is proportional to the internal
magnetic energy U, which in turn can be calculated
from the magnetic coupling parameter Jt2, the ex-
change striction is proportional to TN. '

However, the observed volume reductions are in ex-
cellent agreement with Fig. 2(b). For x = 0.15, the ex-
change splitting of the conduction band just equals Eg.
Because AE follows the spin-correlation function, 5 the
bottom of the 5d band approaches the Tm2+ 4ft3 state
only at T « TN which leads to minor changes in
b, V/ V below TN/2 corresponding to a valence change
of ~ 2%. In the case of Tmo 5Euo 5Se, on the other
hand, AE(T) equals Eg already at higher tempera-
tures, but still well below TN, while for x=0.38 the
gap becomes closed near TN because of the reduced
magnitude of the semiconducting gap. Figure 4
displays the energy of the bottom of the Sd t2g-band
relative to the Tm + 4f'3 level as determined from the

FIG. 3. Thermal expansion AL/L of semiconducting
(x =0.85, 0.50, 0.38) and intermediate-valent (x =().] I)
compositions of Tm~ „Eu„Se in the temperature range near
magnetic ordering. Arrows indicate the magnetic ordering
temperatures determined with the same samples. EuS has
been measured for comparison. The influence of an applied
longitudinal magnetic field of 4 kG on AL/L is also shown
for x=0.5, 0.38, and 0.11.

temperature dependence of the magnetic red shift
b.E(T). In addition, the valence of the Tm ions is
shown, calculated from 5 V/ V. It is remarkable that
the valence changes only by 0.01 until the gap is
closed, although the magnetization has risen already to
half of its saturation value. However, as soon as the
gap is closed, the Tm valence alters rapidly with tem-
perature.

For the compositionally induced intermediate-valent
compound x = 0.11, the Tm valence at room tempera-
ture is estimated from lattice-constant data to be= 2.6. Both spin-polarized Sdsubbands are now partly
occupied already at room temperature, which result
can be extracted from the conduction electron spin po-
larization of TmSe of 30'/0. " However, if both Sd sub-
bands are partly occupied, the temperature variation of
2b, E only induces a change in the occupation numbers
of these subbands, but the number of conduction elec-
trons and hence the valence of Tm is practically in-
dependent of temperature. The observed 6 V/ V
= 10 4 is attributed to a pure magnetostrictive effect
similar to that for TmSe, which displays a volume
magnetoelastic effect of the same order of magni-
tude. '2 It should be mentioned that the spontaneous
magnetization decreases with 1 —x and becomes zero
at the compositionally induced SMT. Therefore the
influence of an applied magnetic field on AE increases
with 1 —x which in fact has been observed (Fig. 3)
(longitudinal magnetostriction).

We have shown that a magnetic-exchange —induced
SMT occurs in semiconducting Tmt „Eu„Se for
0.25 & x~0.85. It could be demonstrated that the
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mixing of d and f'wave functions is negligible as long
as the semiconducting gap is present. This behavior
contrasts with the observation of substantial valence
mixing in TmSet „Te„already for semiconducting
compositions x, '3 and points out the different mechan-
isms which force the Tm ions to enter the
intermediate-valent state in these two systems.
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