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Photoelectron energy distribution curves from Rh at photon energies Se & 9 eV exhibit peaks
originating from states 0.3 and 1.05 eV below the Fermi level EJ;. For 5'co &9.0 eV, the in-
itlRl stRtes of the peRks Rre functions of S~. At 8 &10.5 eV the two peRks hRve merged into

a single broad peak 0.75 eV below E~. Two other pieces of structure appear at approximately
2.4 and 3.9 eV below E~. 7'he results for Rh are compared to those for Pd with the help of
the Pd density of states. It is found to be unlikely that the band structure of Rh can be derived
from Pd through the use of a simple rigid-band model.

I. INTRODUCTION

Rhodium is one of the less well studied of the
transition metals compaxed to, for example, Pd,
which lies just to the right of Rh in the 4d transi-
tion-metal series of the periodic taMe, or com-
pared to Ni of the 3d series, which lies just above
Pd. Like nickel and palladium, rhodium has a
face-centered-cubic (fcc) structure. Although both
rhodium and palladium are paramagnetic, palla-
dium has Rn increased tendency toward ferromagne-
tism. With the exception of reflectance measure-
ments, 4 the experimental studies of the electronic
structure of rhodium hRve been I'elRted to FerDH-
surface properties and include measurements of
the specific heat, magnetic susceptibility, and
de Haas-van Alphen effect. ' Anderson has re-
ported a relativistic-augmented-plane-wave
(RAP%) calculation of the band structure and
Fermi-surface properties but not of the density of
stRte.

The photoelectron energy distribution cux"ves

(EDC's) of Rh are of general interest in our effort
to understand the electronic structure of transition
metals. The photoel, ectron spectra of Ru and Pd,
the neighbors of Bh in the 4d transition-metal
series, have been mea, sured, o' and a comparison
of the EDC's from Ru, Rh, and Pd with 8, 9, and
10 valence electrons, respectively, is of interest.
The photoelectron spectx a of the ferromagnetic 3d
transition metals Fe, Co, and Ni, which are iso-
electronic to Bu, Rh, and Pd are already avail-
able.

II. EXPERIMENTAL PROCEDURE

The best, i.e. , those containing the sharpest
structure in the EDC's particularly at high ener-
gy, photoemission measurements of rhodium were

obtRlned from thin fllIQs evaporated in high VRcuuIQ

as opposed to bulk samples cleaned by argon bom-
bardment and heating. The results presented in
Sec. ID are froIQ an 800-A-thick Rh film deposited
on a quartz substrate using a parIan electron-gun
evaporator. During the 20-min evaporation time
the pressure increased from the base pressure of
5 && 10 to 1 && 10, Torr. A residual-gas analysis
before and during evaporation indicated the pres-
ence of the same residual gases, Hq, CH3, CH4,
CO or Na, and CO&. The time between film for-
mation and measurements was short compared
to the time required to form a monolayer at
5&10 . There were no changes observed during
the period in which the measurements were made.
Subsequent x-ray analysis indicated an fcc poly-
crystalline film.

The photoelectron spectra were measured with
a high-resolution spherical-retarding-field energy
analyzer. ' This new analyzer utilizes a screen
around the emitter to form a field-free drift region.
From previous ineasurements of Ni, ' the maxi-
mum energy error of the analyzer was estimated
to be about 8% of the initial kinetic energy of the
measured electrons. The photoelectron energy
distributions were obtained by taking the derivative
of the current-voltage curve using a previously
reported ac technique. ""

A kcv =10.2-6V EBC from the 800-A film pre-
pared and measured in the above manner (curve
A) is compared in Fig. l to an EDC (curve B) pre-
pRI'ed lQ R poorer VRcuum Rnd IQeRsux'ed with R

cylindrical energy analyzer. The pressure during
evapox'ation of sample 8 increased from a base
pressure of 5&&10 0 to 2x10 Torr. The structuxe
in curve 8 is shifted slightly lower in energy com-
pared to curve A, as expected from a, lower-reso-
lutxon analyzer; otherwI. se, the results from
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III. EXPERIMENTAL RESULTS

0

EP

0
Q

0
OI
4P 0-
3

UJ 0-

Photoelectron sspectra measured from the 800-
Rh film eva oratp ed xn ultrahigh vacuum ar d

e -A

p y d in Fig. 2. The energy d' t 'bla e
m are zs-

xs rx ution curves

V.
were measured over the h t

(u = 6. 7-11.7 eV.
p o on energy range

V. The curves are plotted with
respect to initial energy E = E-—5~+p, where the

p e work function p was determined to be 5. 0

The EDC's forr photon energies below S~= 8. 0
eV are characterizcterized by a sharp peak 0. 3 eV be-
low the Fermi level. A shoulder which is partiall

dev
obscured by the threshold fu tnc ion for 5& & 8 eV

Fermi level in the
evelops into a peak located l. 05 ee . 5 eV below the
ermi level in the photon energy range 5 = 8-9

ove 9 eV the peak nearest the Fermi level
has diminished to a shoulder which be
distin '

h

w xc ecomes in-
guxs able from the main peak at 5~ = 10 5

I

-6 -5 -4 -3 -2 —
I 0

E; =E-%(u+ $(ev)

FIG. 2. EDC'C s from an evaporated Bh film over the
photon energy range K~ =6. 7- . . Th-ll. 7 eV. Th

o in~ ia -state energy E; =E —h CO+@,



PHOTOEMISSION STUDIES OF RHODIUM 212V

-2
10

O
O

CL

CJ
J3

U
Vl

0

OP

—IO
CI

UJ
0-

IO
5 8 9 IO

PHOTON ENERGY (eV)
12

FIG. 3. The quantum yield of rhodium.

The striking feature of Figs. 2 and 4 is the way
the two peaks near the Fermi level observed at
lower photon energies merge into a broad peak at
intermediate photon energies which narrows at
higher photon energies. Such behavior is charac-
teristic of direct transitions; that is, interband
transitions between initial and final states at the
same point in k space in the reduced-zone scheme.
In addition, there exists the possibility that since
the electron-electron scattering length decreases
at a higher photon energies, electrons near the
metal surface become relatively more important
and distortion of the energy bands near the metal

tion.
The absolute quantum yield which was used in

normalizing the EDC's is shown in Fig. 3. It was
measured using a calibrated Cs3Sb photodiode,
making appropriate corrections for the vacuum-
chamber-window transmission and the sample re-
flectance.

The change in position of the structure in the
EDC's at various photon energies is summarized
in Fig. 4, where the final-state energy of structure
in the EDC's is plotted against the photon energy.
The E=5co line is the maximum possible energy of
a photoemitted electron at a given photon energy
and corresponds to an electron photoemitted from
the Fermi level. Therefore, at a given photon en-
ergy in Fig. 4, the initial-state energy below the
Fermi level is the vertical distance below the
E = k+ line. A peak which originates in the same
initial states at a fixed energy below the Fermi
level will, in Fig. 4, be plotted along a line parallel
to the E =h&u line (45' from the abscissa) as the
photon energy is increased.

IV. DISCUSSION

surface might cause movement of structure in the
EDC's.

In the direct-transition model, each absorbed
photon is assumed to excite an electron from an
initial state of energy E,(k) in band i to a final state
of energy E&(k) in band f. The energy distribution
of photoexcited electrons is
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FIG. 4. Final-state energy of structure in Rh EDC's.
The E =I line is the maximum energy corresponding to
an electron photoemitted from a state at the Fermi level.

x 51E —Eq(k)]E)(1 —F~),

where S~ is the photon energy, F is the Fermi
function, and M is the momentum matrix element
between initial and final states. The second 5 func-
tion selects transitions with initial state energy
E, . If the band structure is known, it is possible
to calculate the energy distribution of photoexcited
electrons. Such calculations'~'" have been made
in the constant-matrix-element approximation and
have been only recently' extended to include the
interband momentum matrix elements. The energy
distribution of photoemitted (instead of photoexcited)
electrons can be obtained by applying appropriate
threshold and escape functions. o

The two lower-energy pieces of structure in Fig.
4 are seen to move out with photon energy approxi-
mately along a line parallel to the E= @co line. The
scatter is largely due to the difficulty in locating
this broad ill-defined structure. If these two pieces
of structure are referred to initial-state energy,
they remain at approximately constant positions
2. 3-2. 6 eV and 3.7-4. 0 eV below the Fermi level.
Structure behaving in this manner is typical of non-
direct transitions 0' ' (where wave vector k is not
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the Fermi level is reflected in the strong structure
near the Fermi level, i. e. , the peak at —0. 15 eV
mentioned above in the Pd EDC's of Fig. 5. Like-
wise, the —1.2-eV peak correlates with the peak
in the density of states at about —l. 2 eV. Judging
from the Rh EDC's, similar strength near the
Fermi level is expected in the Rh density of states.
One might ask if a reasonable density of states for
Rh can be obtained from the density of states of
Pd (Fig. 6) using the simplest form of a rigid-band
model in which the band structure and density of
states for Rh is obtained by holding the Pd band
structure fixed and shifting the Fermi level lower
in energy so that there are nine instead of ten elec-
trons per atom in filled states. In this model, the
bandwidths are taken to be unchanged in going from
Pd to Rh. The Rh density of states obtained in this
way (Fig. 6 with the Rh Fermi level as shown) does
not show the strength near the Fermi level expected

from the similarity between the Rh and Pd EDC's.
Thus, our results appear to argue against this
simple model. In this case x-ray photoemission
measurements also show that such a simple rigid-
band model is inadequate since the filled Rh bands

27are 0. 3 eV to 0. 7 eV wider than the correspond-
ing Pd bands, whereas the simple model would
predict bands narrower by about 0. 4 eV. More
experimental and theoretical work on this point is
clearly justified; however, based on the presently
available data, in our opinion, it does not appear
that the simple rigid-band model is applicable for
this system.
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The T-matrix method has been used for determining the effects of a low concentration of ran-
domly distributed point defects on the elastic constants of a crystal of bcc structure. The ex-
pressions for the bulk elastic constants have been obtained in terms of the local changes in the
central and noncentral force constants. The lattice dynamics of molybdenum have been dis-
cussed in Kreb's model with interactions up to second neighbors. The obtained eigenfrequencies
and the eigenvectors are used to evaluate the different Green's-function matrix elements.
Numerical estimates have been made for molybdenum crystal containing two different concen-
trations (7 and 7. 4%) of rhenium. The results are compared with the experimentally measured
elastic constants of the dilute alloys. An almost exact agreement between the theory and the
experiment is observed.

I. INTRODUCTION

The elastic properties of a crystal containing a
finite concentration of defects are significantly
altered. The local strains around the defect are
seen to be different from those of the host lattice.
A knowledge of these strains, induced locally by
the applied stress, is required to interpret a num-
ber of experimental measurements of the effects of
elastic strains' and electric fields' on the prop-
erties of crystals containing point defects. In re-
cent years, some experiments have also been done
to study the effect of defects on the bulk elastic
properties of metals. Several theories ' have
been proposed to account for these effects, but
none of them takes into consideration the local be-
havior of defects and. the discrete nature of the
lattice. The T-matrix method takes into account,
in a natural way, the peculiarities of the discrete
nature of the lattice. A different theory has been
developed by Ludwig" and Pistorious. ' Earlier,
the present authors applied a T-matrix method to
determine the effect of substituted point defects on
the elastic properties of the crystals of CsC1 struc-
ture ~3'~4

In the present paper, we use the T-matrix method

for determining the effects of a low concentration
of randomly distributed point defects on the elastic
properties of the crystals of bcc structure. Ex-
pressions for the bulk elastic constants have been
obtained in terms of local changes of central and
noncentral force constants in Sec. III. Numerical
estimates have been made in Sec. IV for the case
ot' molybdenum containing rhenium impurity ions.
The calculated values are compared with the avail-
able experimental results. '

II, THEORY

Consider a solid containing a low concentration
of similar substitutional point defects. In order
to understand the lattice dynamics of the imperfect
solid, one evaluates the perturbed phonon propagator
as a Green's function which is given by

G(z) = [Lo+ P„(&u ) —zI ]

where I.o is the mass-reduced dynamical matrix
of the perfect host lattice and P „(&u ) is the per-
turbation matrix caused by a specific configuration
of the defects. For the explicit forms of these
matrices, we refer to an earlier paper. ' z = w

+2icup ' is the complex squared frequency in the
limit as $' O'. The propagator defined by Eq. (1)


