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Abstract. We report a detailed experimental and theoretical study of the
electronic structure of Mo;_,Re, random alloys. We have measured electronic
band dispersions for clean and hydrogen-covered Mo;_,Re,(110) with x =
0-0.25 using angle-resolved photoemission spectroscopy. Our results suggest
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that the bulk and most surface electronic bands shift relative to the Fermi level
systematically and approximately rigidly with Re concentration. We distinguish
and quantify two contributions to these shifts: a raise of the Fermi energy and
an increase of the overall bandwidth. Alloy bands calculated using the first-
principles Korringa—Kohn—Rostoker coherent-potential-approximation method
accurately predict both of these effects. As derived from the rigid band model,
the Fermi energy shift is inversely related to the bulk density of states in this
energy region. Using our results, we also characterize an electronic topological
transition of the bulk Fermi surface and relate this to bulk transport properties.
Finally, we distinguish effects beyond the rigid band approximation: a highly
surface-localized state and a composition-dependent impact of the spin—orbit

interaction.
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1. Introduction

Metal alloys remain a cornerstone of many technologies, both modern and ancient. However,
despite many decades of effort to understand their properties from first principles, relatively
little predictive power exists to allow development of alloys with properties tuned for specific
applications [1]. Part of the reason for this is the paucity of detailed investigations of alloy
electronic structure. For example, some alloy properties depend on variations in Fermi surface
topology that can be induced by alloying. Mott’s early rigid band model (RBM), in which the
band structure and density of states (DOS) of the solvent metal remain unchanged upon alloying
with a solute metal allows these variations to be predicted [2]. However, the validity of the RBM
has been shown to be rather limited both by experiment [3, 4] and by theory [5-8]. Whereas
rigid band behavior has been confirmed for many nearly free electron and some transition metal
systems [9—11], its applicability has remained questionable where the solute strongly perturbs
the local electronic structure of the solvent. Even in systems such as Mo;_,Re,, where the
RBM has been assumed to be applicable [11-14], few experimental studies have been reported
that provide microscopic information about how the electronic structure evolves with alloying.
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To be fair, modern computer simulations coupled with experimental binary phase diagrams
show promise in the design of high strength, high conductivity alloys for applications under
extreme conditions [1].

The recent discovery of high-temperature superconductivity in the layered iron-based
compounds [15] has also created a new challenge for modern alloy theory, because in
many cases alloying is what induces superconductivity. The isovalent alloy FeTe;_,Se,
exhibits superconductivity over a wide doping range for x > 0.45 [16—18]. In this doping
range the alloy is not random, but the electronic properties are homogeneous. The dilute
alloy Ba(Fe;_,Co,),As, exhibits superconductivity for ~0.03 <x <~ 0.15 [19], where the
presence of Co decreases the magnetic and structural transitions temperatures and induces
superconductivity. Understanding the physical properties of such complex alloys containing
transition metals would be facilitated by a detailed picture of the evolution of the conduction
states in simpler binary transition metal alloys, such as Mo;_,Re, alloys.

The changes in alloy band structure and Fermi surface can now be modeled using
modern electronic structure calculations based on the coherent potential approximation
(CPA) [20-22], but corresponding experimental studies of alloy band structure using angle-
resolved photoemission are rare. Part of the reason for this is the surface sensitivity of
photoemission coupled to stoichiometry variations typically observed near the surface of an
alloy. In this paper, we report a detailed experimental and theoretical study of Mo, _,Re, random
alloys where the near-surface stoichiometry is known to be very close to that of the bulk [23]. We
do this both by calculating the evolution of alloy band structure as a function of composition
using the Korringa—Kohn—Rostoker (KKR)-CPA method and also by directly measuring this
evolution using angle-resolved photoemission spectroscopy (ARPES). Re (5d°6s?) has one more
electron per atom than Mo (4d°5s!), which in the RBM would be shared with the molybdenum
host. As predicted by the RBM, we find that the bulk and also surface electronic bands shift away
from the Fermi energy (Er) with increasing Re concentration. However, this shift is not uniform
throughout the occupied portion of the band structure, with larger shifts being observed at higher
binding energy. We distinguish and quantify two components to these shifts: (i) rising of the
Fermi energy due to the aforementioned charge donation and (ii) increasing of the occupied
bandwidth, most notably for bands more than 2 eV below Eg. Given the observed behavior near
Eg, we are also able to measure a predicted electronic topological transition (ETT) [11, 24].
An ETT occurs when the Fermi surface changes its topology as Er moves through a van Hove
singularity in the DOS. Such ETTs can be accompanied by drastic changes in the DOS at the
Fermi level, N(EFf), and thereby may impact many physical properties of alloys [11, 24-28].
We will demonstrate experimentally how the observed band shift induces an ETT close to the
predicted concentration. Finally, we distinguish two other deviations from rigid band behavior.
First, we find that a highly surface-localized state shifts in a notably non-rigid fashion. Also, the
impact of the spin—orbit interaction increases with increasing rhenium concentration, leading to
non-rigid shifts of some bands.

2. Experimental and computational approaches

ARPES experiments were performed at beamline 7.0 of the Advanced Light Source at photon
energy of 100 eV. The base pressure of the ARPES chamber was 8 x 107! Torr. The combined
monochromator and energy analyzer energy resolution was ~80meV, and the momentum
resolution was a few per cent of the width of the Brillouin zone. Mo, _,Re, (110) ingots with
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x =0.00, 0.05, 0.15 and 0.25 were grown by the crystal-growth group in the Solid State
Division at Oak Ridge National Laboratory. Slices of Mo,_,Re, (110) were cut from the ingots
and polished within 0.3° of the (110) orientation, as determined by Laue back-reflection. The
samples were mounted individually on a high-precision ultrahigh vacuum goniometer and could
be cooled with liquid nitrogen to < 130 K and also heated by electron bombardment to about
2100 K. The Mo,;_,Re,(110) samples were cleaned by several cycles of oxidation at 1500 K
followed by sublimation of the oxide at 2000 K. For x < 0.35, Mo;_,Re, is a random alloy
where Mo and Re atoms are randomly distributed on a bcc lattice, and the composition of the
top layer for (110) surfaces has been shown to be essentially the same as in the bulk [23]. Surface
and bulk electron states were distinguished by their sensitivity to contamination.

The electronic structure of Mo, _,Re, alloys was calculated using the first-principles KKR-
CPA method [29-33]. The KKR-CPA is a first-principles theory of the electronic structure
of random solid solution alloys [29, 30] in which electronic structure problem is solved
using multiple scattering theory Green’s function methods and the effects of disorder on the
electronic structure are treated using the CPA. The CPA can be viewed as a mean field theory
that provides the best single-site theory of the effects of disorder on the electronic structure.
The KKR-CPA allows direct calculation of the configurationally averaged properties of the
alloy—configurationally averaged DOS, charge density and Bloch spectral function (BSF) [31].
In the limit of a pure metal or ordered compound, the KKR-CPA reduces to the KKR band
structure method. Implemented within the local density approximation (LDA) and using density
functional theory (DFT), the LDA-KKR-CPA method is a totally parameter-free theory [32, 33].
In particular, the LDA-KKR-CPA satisfies many of the variational properties of conventional
LDA-DFT, save that it is generalized to configuration-averaged single-site quantities. The
results presented in this work are based on a fully relativistic implementation of the KKR-
CPA (Rel-KKR-CPA) method based on solution of the Dirac equation. Mo;_,Re, alloys have
been studied previously using these methods, particularly within the context of ETTs [17].
Specifically, the results presented here are based on the same code as those of Bruno and
Ginatempo [34] and as such are consistent with that work. The densities of states (DOS) and
BSF for the endpoint pure metals Mo and Re both in the bcce structure (recall that pure Re
is actually hcp) are shown in figure 1. As can be seen in both the DOS and BSF, the major
differences between Mo and Re are a rise in the Fermi energy of Re relative to Mo due to the
addition of an extra electron and a significant broadening of the occupied band. This latter effect
is primarily due to relativistic effects, which are much larger in Re (atomic number 75) than in
Mo (atomic number 42). The mass—velocity and Darwin terms result in a downward shift in
the sp-states relative to the d-states—note the much larger separation between the lowest two
["-states in Re than in Mo. Spin—orbit coupling terms then resolve certain degeneracies present
in the non-relativistic and semi-relativistic theories. Again these effects are negligible in the Mo
and are significant in Re: note that the energies of second (doublet) and third (singlet) lowest
["-point states is much larger in Re (~0.63 eV) than in Mo (~0.15¢eV).

3. Computational results

3.1. Alloy density of states

The calculated DOS for Mo;_,Re, alloys having an atomic fraction of Re x = 0.00, 0.05, 0.15
and 0.25 are shown in figure 2. The calculations are for an underlying ideal bcc structure and
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Figure 1. DOS (above) and band structures of bcc Mo and Re calculated using
the Rel-KKR-CPA method. The lattice parameters, ag, of Mo and Re were taken
to be 5.947 and 5.834 Bohr. The Re lattice parameter corresponds to a bec lattice
having the experimentally determined atomic volume of hcp phase.

a lattice spacing corresponding to a Vegard’s rule interpolation of those appropriate to Mo
(ap = 5.947 Bohr) and Re (ay = 5.834 Bohr). The latter is an equivalent bcc lattice spacing
corresponding to the experimental atomic volume of hcp Re. Of particular note is the relative
sharpness of the DOS across the complete concentration range. The major changes in the DOS
accompanying the addition of Re are (i) an overall shifting down of the DOS due to the addition
of the extra electron of Re, (ii) a gradual widening (stretching) of the both the narrow, high DOS,
tight-binding like d-band and broad, low DOS, free electron like sp-band and (ii1) a gradual
rounding of the sharp structures in the DOS. As for the Mo and Re-component, the three major
peaks below Fermi energy (Eg) are present in both, albeit the maximum of each peak is very
slightly lower in energy for the Re-component than for the Mo-component. Of these three, only
the former is consistent with common or rigid-band behavior. Thus the presence of the band
stretching and increased spin—orbit splitting in Re relative to Mo can be expected to make the
concentration dependence of individual states depend on their position relative to Eg and as well
as their spin and orbital character.
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Figure 2. Configurationally averaged DOS of Mo;_,Re, (x =0.00, 0.05, 0.15,
0.25 and 1.0) calculated using the Rel-KKR-CPA method. Lower: total DOS;
middle: contribution from Mo-sites; and upper: contribution from Re-sites.

3.2. Bloch spectral function and alloy band structure

The most important quantity for interpretation of angle-resolved photoemission experiments is
the BSF, Ag(k, ¢), which is the generalization to substitutionally disordered alloys of the band
structure of the end point pure metals [27]. For ordered (periodic) systems, the BSF is a set of
delta functions at the band energies, for weak disorder the delta functions are broadened into
Lorentzian peaks with a well-defined width. For stronger disorder, peaks in the BSF can no
longer be clearly identified with specific states in any corresponding ordered system. For weak
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Figure 3. Bloch Spectral Function (BSF) along high symmetry directions in the
Brillouin zone for bcc Mo;_,Re, alloys atomic fractions x = 0.00, 0.05, 0.15
and 0.25 (left to right and top to bottom) calculated using the Rel-KKR-CPA
method, the lattice parameters used in the calculations were the same as those of
figure 2.

disorder, the inverse of the k-width is directly related to the mean free path; alternatively, the
inverse of the width in energy measures the k-dependent lifetime of the states.

In figure 3, we have plotted the BSF as a function of energy and k-vector along several
high symmetry directions in the bce Brillouin zone (I'-H-N—-P). When reading these figures, it
should be noted that the BSF is actually calculated on an energy contour that is parallel to the
real axis but displaced by 1 mRyd into the complex plane. Although this device results in an
additional broadening, over and above that due to the alloy disorder, it is small as can be seen
by comparing the BSF of the pure metals in figure 1, where the broadening results entirely from
the small imaginary part in the energy, with those of the alloys of figure 3 where the broadening
results primarily from the compositional disorder. This notwithstanding, the overall sharpness
of the BSF is apparent; for none of the alloy ‘bands’ is the disorder broadening (full-width
at half-maximum) greater than ~100 meV. Given the sharpness of the peaks in the BSF, it is
possible to define an alloy band structure through effective ‘c versus k’ relation as the locus of
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Figure 4. (Left) Calculated dependence of BSF peak positions on Re-content
at a number of k-points (I, H, N, P and the band minimum (BM) along the
H-N direction referred to in the text) in the bce Brillouin zone based on the
Rel-KKR-CPA data of figure 3. Multiple states at a single k-point are labeled
numerically in order of increasing energy. (Right) A plot of the slope (y-axis) and
intercept (x-axis), at zero concentration (i.e. pure Mo), of a linear least square fit
to the concentration dependence of the energy of each of the states depicted
in the left frame. Only the experimentally relevant compositions (x < 0.25)
were used in the fitting procedure to the data of the left figure. The dashed
(purple) line corresponds to the rigid band slope based on the DOS of pure Mo.
The dot-dashed (gray) line corresponds to the experimental slope for x = 0.25;
of = —1.41+0.22Ey (also see text).

the well-defined peaks in the BSF. This then allows us to track the concentration dependence of
individual states in this generalized band structure.

In figure 4, we show the concentration dependence of the positions of various occupied
states for the relativistic BSFs shown in figures 2 and 3 as well as for two other concentrations,
x =0.5 and 0.75 (not shown). At each symmetry point, we have labeled the peaks in the BSF
according to the symmetry point (I, H, N, P) and an index enumerating the states in increasing
energy. The curve labeled band minimum (BM) is for the k-point along the H-N direction
corresponding to the BM that is evident in the BSFs shown in figure 3. The behavior of this
band will be of consequence for later discussion of an ETT.

Given that the states at the high symmetry points are so well defined, it is tempting to label
the peaks according to the symmetry of the corresponding band states of the pure elements
despite the fact that the peaks in the BSF do not correspond to Block states of a single, well-
defined, k-vector and as a consequence no such labeling is warranted. Despite this, it is also true
that the peak labeled G1 corresponds to the Bloch state conventionally labeled I'{ and the peaks
labeled G2 and G3 correspond to the I'y and I'J states, respectively. From this notation, it is also
clear that the energy difference between the peaks labeled G2 and G3 is a measure size of the
spin—orbit splitting between the I'; and I'§ states of the pure metals; we return to this point in
section 4.3.
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Figure 5. Valence band maps of Mo;_,Re,(110) for (a) x =0.00, (b) 0.05,
(c) 0.15 and (d) 0.25, along the I'-S direction on the SBZ. Superposed curves
indicate the underlying dispersion relations are guides to the eye.

As is clear from figure 4 (left), at low Re concentration (the x < 0.25 concentration range
relevant to our experiments) the dependence of the peak positions is essentially linear in alloy
composition excepting for the lowest level (G1) where there is some nonlinear compositional
dependence for high Re content. Beyond this linear concentration dependence of all of the band
shifts at x < 0.25, the slope of the band shifts generally increases the further below the Fermi
energy the particular band is. This is quantified in figure 4 (right) where we show the relationship
of the coefficient ef and o of a linear least-squares fit of the form sﬁnoy(x) = gb +akx to the

concentration (x) variation of the alloy band energy (8§110y(x)) of the k-points studied. While

there is no simple linear relationship between the slope («*) and intercept (8'5), in general the
more negative the intercept the larger the slope, which is then a measure of the ‘band stretching’
effect that accompanies the addition of Re to Mo. The effect is small for states near the Fermi
energy (e < 2eV) but is very large for the lowest lying, I'-centered, s-state at the bottom of the
occupied band.

4. Experimental results

4.1. Rigid band behavior of a single band

Figure 5 presents ARPES band maps that illustrate the Re concentration dependence of the
alloy electronic structure along the I’ — S line in the surface Brillouin zone (SBZ) illustrated in
figure 6. As indicated by the curves superposed on the gray-scale band maps, the underlying
energy bands shift systematically and approximately rigidly away from Eg with increasing
Re concentration. Figure 7(a) summarizes the experimental dispersion relations extracted from
these band maps. To account for small misalignment of our crystals (< 0.5°), these dispersion
relations were shifted by small amounts along the horizontal axis to ensure alignment of band
extrema. An approximately rigid shift is now readily apparent for bulk and surface bands alike.
The band labeled A, for example, is a surface state as it crosses Ep, but merges with the bulk
continuum near zone center and is essentially the bulk I';5 band at zone center. Deeper bands
are generally bulk states. Similar band map measurements were performed along the P—S—H
and the S—X—S directions, with similar results.

As noted in the previous section, the downward shift of the d-derived surface and bulk
bands can be understood qualitatively within the context of the RBM since rhenium has one
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Figure 7. (a) Measured dispersion relations for Mo, _,Re, (110) along the T—>S
line of the SBZ, extracted from the band maps in figure 5. Data have been
shifted horizontally by small amounts to account for sample misalignments. (b)
Dispersion relations from panel (a), with the alloy results shifted so as to align
band A as well as possible. (¢) Dispersion relations from panel (a) with the alloy
results shifted and stretched as described in the text to demonstrate and quantify
the rigidity of the alloy-induced band shift. The shaded region is the projection
of the pure molybdenum bulk bands onto the (110) SBZ.

more valence electron than molybdenum. To test the RBM for a single band, in figure 7(b) we
have shifted the alloy bands vertically to overlay the dispersion relations of band A as well as
possible. This procedure clearly collapses the results for band A from all the alloy surfaces onto
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Figure 8. Experimental and calculated rigid band shifts for Mo;_,Re,(110).
Filled circles: shifts for band A deduced from the analysis in figure 7(b). Filled
squares: measured shifts for band D in figure 7. Solid curve: rigid-band shift
predicted based on filling the bulk molybdenum DOS. Filled triangles: typical
band shifts calculated using the CPA.

a single curve, verifying the approximately rigid shift. Moreover, the results for band B also
located near Er and for band C near the zone boundary collapse using the shifts derived from
band A.

This is an important observation, since bands A and B are associated with different
segments of the Fermi surface. They could, in principle, shift rigidly, although at different rates,
while still allowing the system to maintain overall charge neutrality. That is not the case, and
the RBM appears to be followed in a strict sense. The shifts deduced in this way are plotted as
filled circles in figure 8 with error bars that reflect the standard deviation between the shifted
alloy and the pure molybdenum band. The shift is measured to be rigid with a precision better
than 40 meV, compared to a total shift an order of magnitude larger.

The observed shift of bands A—C compare favorably to the predictions of the RBM as
well as to shifts calculated from first principles in section 3. In the RBM, the rate of shift
of the bulk band is predicted to be inversely related to the bulk DOS at and above Eg. The
bulk molybdenum DOS near EF, calculated using the KKR-CPA approach explained above, is
similar to that predicted from the interpolation scheme of Papaconstantopoulos [35] and also to
that reported in the literature [11, 24]. We integrated this DOS above Ef to predict the RBM
shift rate shown in figure 8. The match between experiment and theory is seen to be quite good.
Alternatively, as explained in section 3, the first-principles KKR-CPA calculation also quantified
a very nearly rigid shift of several alloy bands near Eg. These first-principles calculated shifts
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Table 1. Rigid band parameters.
x a(x) (eV) Bx)

005 -—-1.17+£0.23 0.93%+0.16
0.15 —-1.03+0.16 0.26+0.11
025 —-141%£0.11 0.22+£0.08

closely match those based on the molybdenum DOS, and also our experimental result. We will
quantify this comparison below.

Despite this successful application of the RBM to a single band near Ep, a simple Fermi-
level shift cannot explain all of our results in detail. It is apparent in figure 7(b) that the
shifts with alloy composition of the deeper bulk bands, while approximately rigid, are of
systematically larger magnitude than for the bands closer to Eg. For example, we plot the
measured shift of band D in figure 8, and find that the rate of shift is nearly a factor to two
larger than for band A. This stretching of the bands at binding energies greater than about 2 eV
was predicted by the KKR-CPA calculation described in section 3.

For more detailed analysis of experimental data, we attempt to quantify these shifts using
an empirical relationship of the form

AE = (x+BEp)x, (1)

where x is the rhenium atomic fraction, « is a parameter that accounts for the shift of the
Fermi level and B accounts for a stretching of the bands that, we assume, depends linearly
on the binding energy Eg. For a collection of many points along three different lines in the
Brillouin zone, we plot the measured alloy shift divided by the rhenium concentration (not
shown here), against the binding energy of the band for the pure molybdenum surface. The
points for each alloy composition are reasonably well described by a single straight line. This is
as predicted in equation (1), except that o and g are found to depend on x. The derived values
of a(x) and B(x) are given in table 1. Our results suggesting 8 # 0 reflect a breakdown of
the RBM in the sense that the occupied bandwidth below Ef increases faster than the RBM
would predict. Bands near the Fermi level will shift at a rate inversely related to the bulk DOS
to maintain charge neutrality. Deeper bands will experience that band filling shift augmented by
a shift associated the increasing alloy bandwidth. We applied this empirical ‘shift and stretch’
algorithm from equation (1), using the data in table 1, to transform the alloy bands in figure 7(a).
The result, plotted in figure 7(c), shows that the bands for all four alloys can be brought into
very good alignment with this empirical procedure, with the exception of the lower-lying band
at zone center. This band is actually a doublet on the pure molybdenum surface that is not
resolved on the alloy surfaces, so we do not trust our analysis of these data. While the band
shifts are not uniform below Ep, figure 7(c) demonstrates that the band shapes are preserved to
roughly 50 meV, compared to a total shift about an order of magnitude larger, and individual
bandwidths of 1-2eV. For x = 0.25, we plot the slope (¢* = a +bEg determined from o/(x)
and B(x) given in table 1 in figure 4. The KKR-CPA calculation reproduces the band shift and
stretching reasonably.
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4.2. Electronic topological transition

We now turn our attention to the existence of an ETT in this system. A recent first-principles
calculation of the bulk electronic structure of Mo,_,Re, alloys by Skorodumova et al [11]
predicts that two ETTs will occur near the middle of the N—H line in the bulk Brillouin zone at
2 and 6% Re concentration. This region projects (see figure 6) onto the SBZ near the boundary
between S and P. In our experimental results, the finite mean free path of the photoelectron
means that we sample 20-25% of the bulk BZ in the direction perpendicular to the surface.
In the vicinity of the ETT, it is therefore appropriate to compare the photoemission data to
projections of the bulk band structure onto the SBZ. The band maps along the P — H for
x =0.00 and 0.25, shown in figures 9(a) and (b), respectively clearly indicate this ETT. An
‘extra’ peak marked by the arrow in figure 9(b) appears very clearly on the alloy surface close
to Ep between P and S. This peak is produced as the Fermi level sweeps through a BM upon
alloying, i.e. it reflects an ETT. Band maps on the other alloy surfaces indicate that the band
just becomes visible at 5% rhenium concentration, or very close to the high concentration ETT
predicted by Skorodumova et al [11].

The experimentally determined projected Fermi surface confirms this interpretation.
Figures 9(c) and (d) present a map of the photoemission intensity near the Fermi level for pure
Mo and Moy 75Re 5. The band that falls below Ef in figure 9(b) fills the gap around the yellow
point labeled F with increasing Re concentration. In pure molybdenum, segments of the bulk
Fermi surface in the first and second Brillouin zones are not connected, as indicated by the blue
dashed lines. Upon alloying, these two orbits grow and eventually connect to form a channel,
as indicated by the dashed lines in figure 9(d). Similar data at other concentrations indicate that
contact occurs at or slightly above 5% Re concentration. To compare these photoemission data
with calculation, we have projected constant energy contours of the bulk Mo band structure [35]
onto the (110) SBZ at Ex and Ex+0.4 eV, corresponding to the shift of band A on Moy 75Re »s.
The results, shown in figures 9(e) and (f), predict the gross topological changes associated
with the ETTs near the S — P SBZ boundary and confirm our interpretation. By projecting
at intermediate energy shifts, we find that a tube bridges the projected band gap between P and
S, making contact at a rhenium concentration just above 5%, as observed.

The ETT confirmed by our results will induce structures in the surface and bulk DOS curves
that should cause o (x) to be x-dependent. The van Hove singularity associated with the above
ETT arises from a BM in the band structure, and the DOS at EF traverses a mild discontinuity as
the Fermi surface undergoes this ETT. The discontinuity is broadened by the disorder inherent
in the alloy [11], and moreover is sampled in these experiments as an integral over the DOS. For
these reasons, the rate of rigid band shift is modified only slightly through the ETT, in qualitative
accord with the results in figure 8.

We now discuss the effect of the observed ETT on the electronic DOS and, as a result,
the electron—phonon coupling A. A depends linearly on N(Eg) [36], and in turn helps to
determine the superconducting transition temperature 7.. 7. should therefore be modified
in the vicinity of an ETT [9], although what parameters actually produce the variation in
superconducting transition temperature 7; in transition metal alloys has been the subject of
considerable debate [28, 37]. For Mo,Re,_, alloys, 7. increases monotonically as a function x,
for 0 < x < 0.4, with no significant anomaly observed near the ETT [24, 28]. This observation
argues against a direct connection between the ETT and 7. The thermopower exhibits a
maximum near x = (.1, and this might be related to the ETT.

New Journal of Physics 15 (2013) 093010 (http://www.njp.org/)


http://www.njp.org/

14

I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

_ETT _ _
P S H

Binding Energy (eV)

00 05 10 15 00 ,05 10 15
Wave Vector (Al)

Figure 9. Panels (a) and (b): valence band maps of Mo;_,Re,(110) for (a)
x =0.00 and (b) x =0.25, along the P — S — H direction on the SBZ. The
superposed curves indicate the underlying dispersion relations. The extra feature
near Eg on the alloy surface (marked with vertical arrow) indicates the movement
of a BM through the Fermi level from above. (c), (d) Experimentally determined
Fermi surface of Mo,_,Re, projected on the (110) SBZ for (c¢) x =0.00 and
(d) x =0.25. The yellow F point indicates the starting point of ETT predicted
by theoretical calculations. The blue dotted lines are guides for eyes to indicate
the extent of the topological transition. (e), (f) Calculated projections of bulk
molybdenum band structure onto the (110) SBZ at energies corresponding
to electron counts in Mo;_,Re, for alloy concentrations (e¢) x = 0.00 and (f)
x =0.25.
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Figure 10. (a) Bands measured along the S — S line in the SBZ for pure
Mo(110) and for Moy 75Re( 25(110). As in figure 7(a), the approximate rigid band
behavior is apparent. (b) Bands from panel (a) shifted and stretched accordingly
as in figure 7(c). The bands now overlay, with the exception of the highly surface
localized band labeled S;.

4.3. Deviations from rigid band behavior

Slight modification of the RBM accounts for most of our results; there are two notable deviations
from this simple behavior. The first involves the highly surface-localized surface state that drives
a deep surface phonon anomaly on Mo(110)-(1 x 1)H and the closely related surface W(110)-
(1 x 1)H [38-43]. Figure 10(a) presents bands measured along the S — S line in the SBZ for
pure Mo(110) and for Moy 75Re25(110). As was observed in figure 7(a), the approximately
rigid shift of most bands is readily apparent. Upon applying the shift and stretch algorithm
from section 4.1 to these data, most of the alloy bands do indeed collapse onto those of the pure
molybdenum surface. However, the state labeled S; (using the same nomenclature as in previous
papers [42, 43]) exhibits a clear deviation from this trend—a lower than predicted shift. Similar
deviations are observed for this state along other lines in the SBZ. In group VIB metals, the
Fermi level falls near a minimum in the bulk DOS. In this case, the local DOS near the Fermi
level in the surface layer is probably higher than in the bulk due to the existence of surface
states and resonances. Our results confirm qualitatively the expectation that the modified surface
LDOS should substantially alter the rigid band behavior of a surface localized state—a higher
LDOS would naturally lead to a slower band shift with alloy composition. Indeed, the surface
localization of this state varies along its dispersion. As the band approaches the bulk continuum
near the X line, it will gradually lose its surface localization, and the shift and stretch algorithm
brings the alloy band into a fairly close alignment with that on the pure surface. Away from
the X line, the band lies in the middle of large band gaps and is highly surface localized and,
consequently, a pronounced deviation from RB behavior is observed.
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Figure 11. (a) Spin—orbit splitting as a function of Re content. Spectra taken at
the bottom of the surface ETT band along P—H , showing the maximum splitting.
(b) The spin—orbit splitting derived from quantitative curve-fitting of these data
as a function of coverage.

The other deviation from rigid band behavior pertains to the surface-related spin—orbit
splitting of surface states [44—47]. This splitting is related to the magnitude of the surface
potential gradient and also approximately scales with the atomic spin—orbit parameter [48].
It is, for example, four to five times smaller on the 4d metal surface Mo(110) than on the
5d W(110) surface [45]. In this system, it is most clearly evident and most easily studied on
the hydrogen-covered surfaces near the ETT along the P — H line of the SBZ. Figure 11(a)
shows photoemission spectra in this region for the hydrogen-saturated surfaces. The dominant
feature near Ef is the S; surface state that has been split by the spin—orbit interaction. It is
apparent in the spectra that the splitting increases with rhenium concentration. The evolution of
the spin—orbit splitting with composition is displayed in figure 11(b). Clearly, introduction of 5d
rehenium atoms into a 4d molybdenum host increases the average atomic spin—orbit parameter
and, therefore, the surface-related spin—orbit splitting. The change in splitting is two to three
times larger than the precision with which equation (1) collapses the alloy bands onto those of
pure molybdenum, i.e. this represents a significant deviation from rigid-band behavior. Such
data provide a serious challenge to existing surface electronics structure calculations, which
rarely include the spin—orbit interaction and which essentially never address alloy surfaces.

5. Summary and conclusions

In summary, using angle-resolved photoemission we have observed approximately rigid shifts
of surface and bulk bands for Mo;_,Re,(110) in the range x = 0-0.25. We distinguished two
contributions to these shifts, one pertaining to increasing Fermi energy and the other to the
increasing overall bandwidth. The Fermi energy shift is inversely related to the bulk DOS near
the Fermi level. KKR-CPA calculations accurately predict our experimental results. We also
characterized an ETT of the bulk Fermi surface and related this to bulk transport properties.
Finally, we discussed two surface-related deviations from the above behavior.
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