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Thermoreflectance investigation of Th band structure
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Thermoreflectance measurements have been carried out on thorium bulk samples at
about 140 K in the (0.5 —5)-eV photon energy range. The data are interpreted within the
framework of existing energy-band calculations. Several critical-. point transitions, and a
Fermi-surface transition have been clearly identified and located in the Brillouin zone.

I. INTRODUCTION

The most interesting physical problem posed by
the investigation of the electronic structure of tho-
rium and, in general, of the actinides, is the nature
of the 5f electrons. ' Considerable controversy has
arisen in recent years on how best to describe the
character of the 5f 's for the different elements
since they lie on the borderline where neither a lo-
calized nor an itinerant picture seems appropriate.
It has been shown, however, that the 5f shell

electrons in the actinide metals do form bands
which overlap and hybridize with the 6d and 7s
bands. This greatly complicates the resulting band
structure, but it seems well established that the 5f
must be considered itinerant electrons and not, as
in the 4f case, localized electron states.

Thorium is at the beginning of the actinide
series and it has empty Sf states just above the
Fermi level. Since it has a simple (fcc) crystal
structure, it has been often taken as a test case for
energy-band calculations of the actinides.

From an experimental point of view, quite a sub-

stantial amount of new information has become
available on Th in recent times. Valence and emp-

ty conduction-band levels have been probed by
photoemission and bremsstrahlung isochromat
spectroscopy, and detailed Fermi-surface calipers
have been determined by de Haas —van Alphen
measurements. ' . Also several optical stud-
ies "' exist which, however, have been limited so
far to the more conventional "static" techniques.

Among optical techniques, modulation spectro-
scopies play a very important role' '" since the re-

sulting spectra show better resolved structures then
static measurements. The line shape of these

structures is often a clear fingerprint of particular
features (critical points) in the electron band struc-
ture.

Thermomodulation has been proven particularly
suitable for studying metals'5 and alloys's since, in
addition, it shows the characteristic line shapes of
the optical transitions which involve the Fermi sur-
face. '

In the following we report thermoreflectance
measurements on Th in the (0.5 —5)-eV photon en-

ergy range. We identify several critical point tran-
sitions and we give clear evidence of a Fermi-
surface'transition. The location of these features
in k space is a considerable progress towards a
more extensive test of Th band-structure calcula-
tion.

II. EXPERIMENTAL

The thermoreflectance spectra hR /R (i.e., the
relative temperature-induced changes in the reflec-
tance) were measured with a Perkin-Elmer 99
prism monochromator in the (0.5 —5)-eV photon
energy range at about 140 K. The details of the
experimental technique and of the optical layout
can be found elsewhere. ' ' The heating system is
the now standard high efficiency system success-
fully used in a number of thermoreflectance stud-
ies. A complete discussion of the therinal behavior
of the thermomodulation setup (sample plus heat-
er) will be published elsewhere.

A high-purity Th bulk sample was made avail-

able by the Ames Laboratories and it was cut with

a low-speed diamond saw into the form of thin
platelets of about 2 X 3 g 0.2 mm . These were pol-
ished to a mirror finish and electropolished in a
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solution of 6 vol% of perchloric acid in methanol
cooled to 200 K, to remove the cold worked layers
f lorn thc IDcchamcally polished suffacc. Exposure
to the atmosphere was unavoidable; however, Th0~
is transparent in the photon energy range of our
measurements and a thin layer of oxide does not
introduce any significant changes in the measured
spectrum.

III. RESULTS

The results of our measurements are shown in

Fig. 1. As usual, the spectrum is much richer in
structures than the static refiectivity curve. Most
of the features, however, occur in agreement with

the static determinations.
A comparison between theory and experiment is

best made through «,+ikey spectra. The varia-

tion of the imaginary part of the dielectric func-

tion «2 is directly correlated to the change of ab-

sorption induced by the temperature modulation.
Furthermore, the correlation of structures in hei
and he2 gives further insight on the origin of opti-
cal transitions in k space. '

. Accordingly, we have
determined he& and A@2 spectra through the
Kramers-Kronig (KK) analysis of b,R/R. The
analysis requires an extrapolation of the M /R
data outside the measurements range, but for
derivative spectra, the results are not very sensitive
from the details of the extrapolation. It has been

demonstrated that it introduces negligible errors on
the energy position of optical structures. ' The
static optical constants needed in the KK inversion
were taken from Ref. 12. The results are shown in
Fig. 2. In the infrared, below about 0.8 eV, hei
and heq show a rapid rise with decreasing energy
which reflects the temperature modulation of the
free-electron part of the dielectric function, mainly
through the temperature dependence of the free-
electron relaxation time. At higher photon ener-

gies, modulation of interband features dominate.
By inspection of the line shapes in Fig. 2, the con-
tributions of an M2 critical point at about 2.3 eV
and of an Mo at 3.7 eV are clearly recognizable.
The insets in the same figure show their theoretical
line shapes. ' It is well known that the theory' of
optica1 absorption at critical points takes into ac-
count only the topology of the initial and final
bands involved in direct transitions. The depen-
dence of the dipole matrix element from the wave
vector K can introduce modifications to theoretical
line shapes. The overall agreement between experi-
mental and calculated behavior for the proposed
critical points is in this case quite good.

Identifications of critical points are unambigu-
ous and straightforward when well recognizable
line shapes in both he~ arid he2 occur. In more
complicated cases, more insight into the origin of
structures in the spectra can be obtained by writing

hR
R

=n(ei, e,)«i+P(e, ,ez)«z
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FIG;-'-1. Thermoreflectance spectrum of Th taken at 140 K. The extrapolations used for the KK analysis are shown

as dashed lines. The reflectivity spectrum of Th taken from Ref. 12 is also shown (dashed-dotted line).
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FIG. 2. Temperature-induced variation of the dielectric function; solid curve, A@2', dashed curve, h, e~.

and plotting separately the two contributions to
hR/R. These are shown in Fig. 3. Both the

a(ei,eq) and P(ei,e2) coefficients, as calculated from
Weaver and Olson's optical constants, '2 are almost
structureless. a(eie2) is negative over our experi-

mental energy range and is predominant arith
respect to P(ei,e2). As a result, the hR /R spec-
trum is b,ei-like (but with reversed sign) and
"fingerprints" of hei critical-point line shapes
show up clearly in it. Bearing this in mind, the
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FIG. 3. Contributions to the h,R/R spectrum; solid line, total hR/R; dashed line, h, e2 contribution; dotted line, h, e~

contribution,
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coinparison of hR /8 with its contrlbutlons allows
one to delimit much better each structure and
recognize and discard from consideration any
esture due to the superposition of adjacent struc-

tures.
The Mq critical point a,t 2.3 eV gives rise to a

strong positive peak in hR/8 (see Fig. 3) and its
contributions extend roughly from 2 to 2.4 eV.
The origin of the minimum at about 2.6 eV must

due to a different critical point h' h 'd

y as Rn Mo critica, l point located at about 2.7 CV.

This identification is substantiated by the similar
behavior the physi function shows around 2.7 and
3.7 eV. By analogy, the structure in ~ /8 around

e is assigned to another Mo critical-point ab-
sorption.

4

The hne shapes in the low-energy rang (1—2C

e ) are more difficult to recognize. We find that
most likcl hely the origin is a superposition of contri-
butions from a Fermi-surface transition at -1.2
CV and Rn M3 critical point at -I.S eV as shown-
schematicaHy in Fig. 4. Indeed, hei shows a
strong minimuin just where he2 has a flex and
crosses the zero hne supporting a Fermi-surface

ontribution Moreover th C 6') PositlVC lo
1 ncgRtlvc valUcsaround 1.5 cV occurs together w th

o heI confirming the MI critical-point identifica-
4

-05.

~ G5.

Although the hne shapes of b,ei and he a
gy range ( .1 —1.6 eV) appear similar to those

around 2.3 CV, we rule out the occurrence of an
ls %'o d giveM2 critical-point contribution. This ul

rise to the positive peak in b,R/8 at 1.2 eV but
could ncvc1 1od
CV.

ploducc thc ncgatlvc III11IQUIQ t I 6a ~

In O1dcr to substantiate our attributlons GQ thc
relative weight of the diff teren contributions andobtain, we ave set up aobtain more quantitative insight h

model using a standard theory. " The vari-
ation of the dielectric functio h1OQ 6 wit 1CSPCCt to

c crltlca point 3ft e interballd energy E near th
r =0, 1,2,3) is:

(I')(P+I ig I
p

I p —I/I
(Ace)'

X [+(x)—i+( —x)Jb,Eo,

F(x)=[(xi+1)i~z+x JI~2/(x2+1)I~I

with x =(Iran —E „' c or,o)/I and J„atopological factor,
depending on the effective masses of the t b

ed in the optical transitions. P. is the di
eIileiit aiid I tlie I orentizian broadening

parameter. From these formulas, a theoretical

The results obtained with the parameters of
Table I are shown in Fig. S. Thcy lcproducc qUite

c - curve glv-well the overaH hne shape of th M/8
ll IOIIS. Iiioie de-Ing strong support to our attrib t A

ai it of the experimental curve with our model
has not been attempted. Indeed, tlie effort. o ur-

cause several approxlInatlons are included in the
model (chiefl the constaQt matrix clement approx-
imation). Th e same model has box:n already used

TABLE I. Pa.fsmctcxs used fOf thc model h
g. . 0 SQd I sfc thc energy 3Rd thc bfoadcniQ8 C fO3. CQing.

R Q. 1st c%ci hto

-I
2

1WOVOX a~aaeV [eV)

PIG. 4. Lo-Lom-energy contributions to dke2. (upper

as e inc); M3 critical-point transition (dotted lines .

Cfitical - Point

.1.53
2.29
2.60
2.92
3.76

0.10
0.12
0.15
0.11
0.16

0.730
0.900
0.450
0.185
0.130
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FIG. 6. Thorium band structure (Ref. 4).

FIG. 5. Comparison between the hR /8 experimental
spectrum (upper curve) and the spectrum (lower curve)
obtained using the standard theory.

to single out an M3 critical-point contribution in
Nb. ' To our knowledge, however, this is the first
time that such a large range of a thermomodula-
tion spectrum is quantitatively interpreted. This
procedure appears to be very promising for a quan-

titative and unambiguous interpretation of modula-

tion spectra.
The energy location of the critical points is con-

sidered reliable within +0.01 eV and the broaden-
ing parameters within +5%. Not too much physi-
cal significance should be attached, however, to the
weight parameter 8', which depends on many fac-
tors (dipole matrix element of the transition, defor-
mation potential of the bands involved, etc.).

IV. DISCUSSION

The electronic structure of Th is particularly in-
triguing and comphcated, since Th not only has 5f
states just above the Fermi surface, but it also has
a partially filled d band. Figure 6 shows self-
consistent energy bands as calculated by Skriver
and Jan. This is the most recent and detailed
band-structure calculation of Th. The agreement
with de Haas —van Alphen measurements ' (in-
cluding the pressure dependence of Fermi-surface
calipers) is very good so that it should be a good
starting point for understanding the optical proper-
ties of Th. Below the Fermi level the l-character
of electronic levels is entirely 7s,6d-like without

any hybridization, with p-like levels which, instead,
lie well above Ez. Starting from E~, the f-states
increasingly influence the electronic levels through
d-f hybridization. Their contribution to the total
density of states at Ez is about 30%%uo. A relatively
narrow band (width —3, 4 eV) of mainly 5f-like
states has its lower edge at about 0.9 eV above EF.
The f-partial density of states shows strong peaks
at —2.7 eV and —3.6 eV,- which are expected to
influence the optical properties of Th.

We locate the Fermi-surface transition (at 1.2 eV
in our spectra) along the A symmetry direction, be-
tween bands 2 and 3. Also the M3 critical point
transition at 1.53 can be located along A between
bands 2 and 4. Faldt and Nilsson also attribute
the low-energy structure in their static optical
spectra to transitions along A in agreement with
our more detailed assignments.

The Mi critical point at 2.29 eV is more diffi-
cult to locate. Possible candidates are transitions
between bands 2 and 3 at U and E. A definite as-
slgilliiellt would Ileed all expailsloll of tile ballds
near U and E and a detailed matrix element calcu-
lation.

The last three Mo critical points at 2.60, 2.92,
and 3.76 eV can all be located at W (band 1~4;
2~5, 6, and 2~7, 8 transitions). Detailed matrix
dement calculations would be helpful also in this
case for supporting our attributions. However, the
joint density of states for transitions between bands
2 and 5—6 as well as 2 and 7—8, just above the
critical point, should be particularly high (owing to
the flatness of the f-like final states). Besides,
these transitions are highly allowed d~f transi-
tions, so that our attribution seems to rest on solid
ground.
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Interestingly, if these attributions are correct, the
energy difference of these two transitions directly
gives the separation between the f final states, in
very good agrcemcnt with the band calculations.
Moreover, since the second band at 8' is generally
located very close to the Fermi surface, our deter-
miQRtions also give thc absolute cIlcrgy positions 0:
the fiat 5f final states. Our assignment excludes
the presence of a hole pocket in band 2 near 8',
otherwise we should observe Fermi-surface transi-
tions in our spectra and not Mo critical-point line
Shapes»

Our "M/R model" uses negative values of the
temperature-induced shifts of energy gaps. Thus,
tlie identifiled ti'aiisitioiis occiir between bands ap-
proaching each other by increasing the tempera-
tufc. Skflvcr and Jan 8 calculations on pI'cssufc
dependence of electronic states of Th give support
to ouf assignments. The bands involved ln thc ob-
served optical absorptions are d and f-like and
their relative energy distance is expected to change
with pfcssulc and to dccfcasc by lncfca81ng tlM lat-
tice parameter.

In principle, it would be possible to determine
with our method also the magnitude of the energy
shifts induced by the temperature. This has been
done ln siIQplc cases ' and lnvolvcs a direct
evaluation of the oscillator strength of each contri-
bution to e2. Unfortunately, when too many dif-
ferent absorptions occur in the same energy range,
this evaluation cannot be done.

The identifications made in the present paper
show that the procedure of comparing M/R, bZ,
and its contributions to hR/8, is very fruitful.
This method, together with the use of a "theoreti-

cal" hR/R model, allows us to put the interpreta-
tion of thermoreflectance spectra on much firmer
glounds.

Ouf fcsults and the above discussion demon-
strate the possibi1ity of analyzing the optical ther-
momodulated properties of thorium in terms of the
usual concepts such as Fermi-surface transitions
and interband critical points. These concepts are
suitable even when f-like final states are involved,
giving clear evidence of their bandlike itinerant
character in agreement:with most recent views.
The general agreement between experimentally
determined band scpafatlons Rnd their thcofctical
counterparts is very good. This shows that
modern methods of band-structure calculations are
highly reliable, even when difficult problems such
as the iiivestigation of llighly relativistic nletals
and the determination of the position of 5f-derived
levels are involved.
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