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Properties of Cu-Ni solid solutions have long been studied in physical and materials sciences. Yet, their many-
body properties have not been well understood. Here, we investigate ultrafast luminescence in near-infrared
region for Cu;_,Ni, alloys. The luminescence intensity was the highest in Cu and decreased dramatically by
adding Ni, approaching close to the value for pure Ni at x = 0.45. This composition dependence was well
reproduced by calculations assuming two-body scattering of the energetic electrons. The luminescent decay
rate was not straightforward, i.e., it decreased first by adding Ni up to x = 0.17 and then started to increase
approaching twice the initial value at x = 0.45. This behavior was in good agreement with ab initio calculations
of electron-phonon (e-ph) coupling strength. This work provides a new perspective on the electron relaxation

dynamics in solid solution systems.

DOI: 10.1103/xn1s-28z3

I. INTRODUCTION

Metal alloys are of significant importance both in appli-
cation and solid-state physics, because the crystal structure
and phase stability [1,2], electrical and thermal conductivity
[3-5], magnetization [6,7], and optical properties [8] can be
greatly modified from the constituent metals by alloying. In
addition to these macroscopic properties, it is of fundamental
interest to understand the excited-state dynamics and the mu-
tual interactions between electrons and phonons. Many-body
properties in an ordered compound have been investigated in
detail [9], but those in solid solutions are not well understood.

Cu-Ni alloy is a traditional solid-solution system, utilized
for coins with silverlike color for a long time. The nearly
temperature-independent resistivity and low thermoelectric
power in Cuyg ssNig 45 alloy (so-called constantan) are utilized
for thermocouples (known as copper-constantan) and standard
register. Relatively low thermal conductivity in cupronickel
(Cup7Nip3) is useful for cryogenic instrument. The advan-
tage of this system is that Cu and Ni have the same crystal
structure (FCC) with lattice constant close each other, en-
suring homogeneous mixture at arbitrary composition. The
lattice constant of Cu;_,Ni, alloys linearly decreases with
the Ni concentration x, satisfying the well-known Vegard’s
law [1]. However, their magnetic and electronic properties
exhibit more complex behaviors with increasing x. The Cu-Ni
alloys show no magnetization below x ~ x. = 0.44, above
which the ferromagnetic order starts to increase [10,11]. The
resistivity of Cu-Ni alloy is far larger than the end materials
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[11-13]. This nonmonotonic composition dependence of the
residual resistivity is ascribed to impurity scattering [11] and
the magnetic resistivity due to the electron scattering from
spin antiparallel to parallel states [14]. Although the electron-
electron (e-e) and electron-phonon (e-ph) interaction may
contribute to the excited-state dynamics, their composition
dependence of Cu-Ni alloys is not well understood.

The ultrafast relaxation dynamics following a pulsed laser
excitation enables us to study the e-e and e-ph properties
of solids. Recently, we have systematically studied ultra-
fast luminescence of various elemental metals [15-19]. The
time evolution of the luminescence intensity can be decom-
posed into a quasi-instantaneous and an exponential decay
component. We have shown that (i) the intensity of the quasi-
instantaneous component is proportional to inverse of the
Drude damping rate evaluated at excitation photon energy
and (ii) the relaxation rate of the exponential component is
well explained by the modified two-temperature model (TTM)
[20,21] combined with ab initio calculations for the e-ph
coupling strength [19]. These indicate that the luminescence
dynamics in the initial and relaxation stages are governed by
the e-e and e-ph scattering, respectively. It should be noted
that the luminescence properties were very different for Cu
and Ni, i.e., the lifetimes were short (order of 100 fs) and
the intensity was two orders of magnitude lower for Ni com-
pared to Cu. It is unclear how the luminescence properties of
Cuy_,Ni, behave for 0 < x < 1.

Based on the TTM [20] and/or modified TTM [21], the
e-ph coupling constant has been estimated from the pump-
probe experiments for elemental metals [22,23] and high-T;
cuprates [24], whereas the effects of nonequilibrium electrons
and phonons are also investigated by using more complex
models [25-28]. From a view point of material science,
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alloys are highly attractive, because we will have a chance to
design the behavior of energetic electrons by controlling the
composition and crystal structure. However, we can rarely find
experimental or theoretical research on the ultrafast electron
dynamics in alloys [29,30] and it is rare to apply the TTM to
the electron dynamics of alloys.

In this paper, we study the composition dependence of
luminescence intensity and decay rate for Cu;_,Ni, alloys.
The luminescence intensity decreases with increasing x and
exhibits a strong correlation with the integrated density of
states (DOS) around the Fermi level. This reflects the extent
of the phase space available for the e-e scattering. The decay
rate exhibits a minimum around x = 0.2. This unexpectedly
nonmonotonic composition dependence agrees with ab initio
calculations of e-ph coupling strength. Our work provides a
deep understanding of physical properties of Cu-Ni alloys
and opens a way to explore related phenomena in other solid
solution systems.

II. EXPERIMENTAL METHODS

The pure metals (Cu and Ni), Cug7Nigp3 alloy (cupron-
ickel) and CugssNig4s alloy (constantan), were purchased
from Nilaco Corporation as a form of plate. The samples with
other compositions were prepared by comelting cupronickel
and Cu on a tungsten boat mounted in a vacuum chamber of a
vapor-deposition equipment. In order to suppress evaporation
of Cu, the chamber was purged by Ar gas at a pressure of
about 3 Torr. The obtained ingot was cut and polished with
alumina polishing paper (#1000—#4000). Finally the surfaces
were roughened by pressing with an alumina polishing film.
The x-ray diffraction powder patters were taken for all sam-
ples including pure metals and purchased alloys. Trace of Mn
was found in the purchased CugssNig4s alloy at a level of
1%, while no trace of metal impurity was found in cupron-
ickel. It was verified that the lattice constant follows Vegard’s
law, which guarantees formation of homogeneous solid solu-
tion in whole composition range. The element analysis was
made with an electron-probe microanalyzer (EPMA) for the
surfaces of metals. Traces of C, O, and Al were found in melt-
grown samples. Carbon is a common impurity originating
from hydrocarbons in vacuum system. Oxygen and aluminum
are presumed to come from the polishing alumina powder,
which has practically no effect on the ultrafast luminescence
properties of metals [19].

We used an up-conversion technique, using amplified
mode-locked pulses (1.19 eV, 600 mW, 100 MHz repetition
rate) from an Yb-fiber laser. The pumping pulse (typically
150 fs duration, 200 mW) was focused on the sample with
an approximate spot size of 20 um. The luminescence was
collected and focused on a nonlinear optical crystal (lithium
iodate, LIO) using two paraboloidal mirrors and mixed with a
gating pulse. The anti-Stokes luminescence from the sample
was removed by a Si filter. The generated sum-frequency
light was passed through a long-wave-pass edge filter, directed
into a spectrometer consisting of tunable band-pass filters and
detected by an avalanche photodiode (APD). The time reso-
lution of this system was typically 240 fs (full width at half
maximum). Detailed information of the experimental setup is
presented in our previous reports [16,19] and Supplementary

Materials for Ref. [16]. All luminescence measurements were
performed in air at room temperature.

Absorptivity of the samples was measured at 1.19 eV as an
increase of temperature under irradiation by the Yb-fiber laser
with reduced power (20 mW). The absorptivity (emissivity) at
longer wavelengths, where luminescence signal appears, was
measured by using tunable light from an optical parametric
amplifier (OPA) operating at a repetition frequency of 1 kHz
with an average power (10 mW) to avoid damages on the
sample.

As done in our previous works [15—-19], we first measured
the absorptivity of the alloy surfaces by using calorimetry (see
Fig. S1 [31]). These spectra were used to obtain internal spec-
tra and intensity, by normalizing the observed luminescence
spectra by the energy dependence of emissivity.

III. COMPUTATIONAL DETAILS

To calculate the electron DOS, we performed electronic-
structure calculations for alloys. To model the crystal structure
of Cu-Ni alloys, we considered a 3 x 3 x 3 supercell of
the cubic unit cell, 108 atoms in total. For each Ni
concentration, we created 50 structures, where Ni atoms
randomly occupy the Cu sites. We first optimized the ge-
ometry by using M3GNet, a universal interatomic potential
incorporating three-body interactions [32], and determined
the Ni distribution that has the lowest energy among 50
samples.

We reoptimized the crystal structure based on density-
functional theory (DFT) calculations, where the atomic
positions are relaxed and the lattice constant a follows the Ve-
gard’s law. In the present work, we assumed a = (1 — x)acy +
xayi, where the experimental lattice constants of ac, = 3.61 A
for Cu and ax; = 3.52 A for Ni were used. The DFT calcula-
tions were performed by using the Quantum ESPRESSO (QE)
[33]. The pseudopotentials of Perdew, Burke, and Ernzerhof
[34] in the pslibrary1.0.0 [35] were used. The cutoff energies
for the wave function and charge density were set to be 60 Ry
and 600 Ry, respectively, and the smearing parameter was
set to be 0.02 Ry [36]. The I" point in the Brillouin zone
was sampled in self-consistent field (scf) calculations, and
the k grid was increased to 6 x 6 x 6 in non-scf calculations.
The electron DOS was plotted with a Gaussian broadening
parameter of 0.2 eV. The DOS and magnetization for various
Ni content are provided in Fig. S2 [31]. The spin splitting
occurs around Ni 40%, which is consistent with experiments
(Ni 44%) [10,11].

To study the e-ph coupling, we calculate the Eliashberg
function given by [20]

> _ 2
P @) = o Z; ﬂqu |50 (k. )]

X 8(ep — £ak)B(eF — Eak4q)d(@ — wpy), (1)

where 7 is the Planck constant, Ng is the electron DOS at the
Fermi level, and N is the number of the unit cell. gy is the
electron energy with the wave vector k and the band index
a, wgg is the phonon frequency for the wave vector g and
the branch index 8, and gfw, (k, q) is the matrix elements for
the e-ph interaction Hamiltonian. w is the phonon frequency.
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FIG. 1. (a) Time-resolved luminescence spectra normalized by
emissivity for Cu-Ni alloys. Each spectrum is normalized at their
maxima and shifted vertically. (b) Luminescence decay profiles at
0.6 eV for alloys with x = 0,0.04,0.10, 0.17, 0.30, 0.45, and 1.
Each curve is normalized to 1000 at maxima.

Therefore, «?F(w) can be regarded as the phonon DOS
weighted by the e-ph matrix elements at the Fermi level. We
calculate > F (w) based on the density-functional perturbation
theory (DFPT) [37] implemented in QE [33]. We considered
a 2 x 2 x 2 supercell including eight atoms in the unit cell
and optimized the crystal structure. We used a 4 x 4 x 4 ¢
grid for the phonon wave vectors, an 8 x 8 x 8 k grid for
constructing the induced charge density and the dynamical
matrix, and a 16 x 16 x 16 k grid for the double-§ function
with the electron energy restricted at the Fermi surface. We
calculated o?F(w) of Cug, CusNi;, CugNip, and CuuNiy.
The crystal structures used are provided in Supplemental
Material [31].

We calculated the e-ph coupling constant defined as

Moy =2 / o*F ()" 'dw )

with an integer n and estimated the decay rate for the
nonequilibrium electrons I' = 3/A(w?)/ (2mkgTon) with the
Boltzmann constant kg and the phonon temperature Ty
[20,21].

Within DFPT, we also calculated the phonon DOS
defined as

F(w) = ZS(w — Wpg)s 3
B.q

where the integral of F(w) is equal to the degree of freedom
f F(w)dw = 3Nyom, With Nyom is the number of atoms in
the unit cell. The nth moment of the phonon spectrum is
defined as

(")

/F(a))w"da). 4)

" 3Nutom

Below, (w) will be used for the interpretation of luminescence
decay as a function of Ni content.
IV. LUMINESCENCE INTENSITY

Figure 1(a) shows the internal time-resolved luminescence
spectra measured at time origin. The abscissa is proportional

to photon numbers per second per unit energy interval and the
spectra are normalized at maximum of each curve. The spectra
for pure Cu and Ni are basically in agreement with the sand-
blasted samples in our previous publication [19]. The slight
deviations are ascribed to the difference in the roughness and
the excitation power density, which depends on the optics
of up-conversion measurement equipment. We can clearly
see that the weight of the spectrum moves to lower-energy
side by increasing Ni content from x = 0 to x = 0.45. This
implies that the distribution of excited electrons contributing
the radiative recombination shifts toward the Fermi level with
Ni content, suggesting faster thermalization and cooling.

The composition dependences of the internal luminescence
intensity evaluated at + = 0 ps are plotted for 0.9, 0.6, and
0.4 eV in Fig. 2(a). For 0.9 eV, the intensity decreases to 1/160
when the Ni content is increased from O to 45%, while the
decrease is milder for 0.6 and 0.4 eV.

In the previous work, we have demonstrated that the lumi-
nescence intensity is correlated with the inverse of the Drude
damping rate [19]. The instantaneous intensity of lumines-
cence is inversely proportional to the nonradiative decay of
the relevant electrons, when the process is far faster than
the time resolution of measurement. This interpretation is
based on a phenomenological model for the complex interplay
between the surface-plasmon polariton (SPP) and hot elec-
trons: The incident photon creates SPP at the metallic surface
and the SPP forms a steady state with the energetic electrons
in the conduction band. The population of these electrons
decays through e-e scattering to establish Fermi-Dirac dis-
tribution. Therefore, the Drude damping reflecting the e-e
scattering rate can be used to predict the instantaneous re-
sponse of luminescence. However, the estimation of the Drude
damping rate for Cu-Ni alloys is difficult due to the lack of
the frequency-dependent optical constants. We believe that the
underlying physics behind the instantaneous response is gov-
erned by the e-e scattering within the energy window around
the Fermi level, where electrons with different energies are
scattered to unoccupied states at elevated electron temperature
conditions. To estimate the composition dependence of the e-e
scattering rate, we calculate the integrated DOS

Emax

IDOS(emin,s Emax) = f [DT (e) + DL (8)]‘18’

Emin

&)

where D, (¢) is the electron DOS with energy ¢ and spin o.
This is a rough estimate of the number of the single-particle
states involving the e-e scattering events in our excitation
condition. We assume epi, = —1.2 eV that is nearly equal
to the photon energy of pump pulse (1.19 eV) with opposite
sign and treat ey« as a parameter accounting for the number
of excited electrons. We have considered £,,,x = 0.0, 0.4, 0.8,
and 1.2 eV and show our analysis for ey,x = 0.4 eV below.
As shown in Fig. 2(b), IDOS increases with the Ni con-
tent and the increase becomes moderate at higher Ni content.
Figure 2(c) shows the observed luminescence intensity as a
function of the calculated IDOS. We can see a good corre-
lation between them, i.e., the intensity shows an IDOS™*3
dependence. Note that the integrand of the e-e collision term
in the Boltzmann transport equation is proportional to the
cube of the electron DOS [38], and the e-e collision accel-
erates the electron thermalization [25,28]. In addition, the
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FIG. 2. (a) Ni concentration dependence of the internal luminescence intensity at 0.9, 0.6, and 0.4 eV. The solid curves show phenomeno-
logical fittings to the experimental data. (b) The IDOS in Eq. (5) as a function of the Ni content. The spin splitting occurs around 40 Ni%. &y,
and e,,x were set to be —1.2 and 0.4 eV, respectively. The IDOS is normalized by its maximum. (c) Dependence of the internal luminescence
intensity on IDOS. The dashed curve is an exponential fit with 17.4 x IDOS™>%.

luminescence intensity reflects the initial relaxation before the
energy transfer to phonons [19]. Therefore, our model calcu-
lations demonstrate that the integrated value of the collision
term of the Boltzmann equation is well approximated by the
power function of IDOS, and allow to estimate the relevant
energy window governing the relaxation process. When &,
is changed from O to 1.2 eV, the power law changes from
—2.92 to —3.49 that are equal to —3 within an error of 17%
(see Supplemental Material [31]). More quantitative discus-
sion requires solving the Boltzmann equation, but such a study
is beyond the scope of the present work.

V. LUMINESCENCE DECAY

Time development of luminescence intensity was investi-
gated at 0.6 eV and shown in Fig. 1(b), where the curves
are normalized to 1000 at their maxima. In contrast to the
monotonic concentration dependence of luminescence inten-
sity at 0.9 eV, it shows a complicated behavior. The slope
between 0 and 0.5 ps decreases from pure Cu by adding Ni and
keeps similar value from Ni 4% to 17% (i.e., the relaxation is
slowed). Above 17%, it starts to increase and reaches maxi-
mum value at Ni 100% (i.e., the relaxation becomes faster).
To analyze this behavior quantitatively, we decomposed the
decay profile into an instantaneous response and an exponen-
tially decaying component [19]. The decay profiles are well
fitted by a sum of a delta function and an exponential function
with convolution by the instrumental response function.

The decay rates I'ex, of the exponential component at
0.6 eV are shown in Fig. 3(a). By adding Ni to pure Cu, ey,
decreases first till Ni 17% and turns to increasing over 17%.
We also plotted the calculated I'. To correct the underesti-
mation for the decay rate, the factor 1.7 was multiplied to I"
[19]. This is because I' is a macroscopic quantity reflecting
the excess electron energy stored to the system, whereas the
experimental I' reflects the population of excited electrons
contributing to the luminescence at 0.6 eV. It is clear that the
calculated I" is nonmonotinic function for Ni content. This
shows that the luminescence decay rate corresponding to the
cooling rate is dominated solely by e-ph coupling and that the
disorder originating from alloying has minor contribution to
the decay process.

To understand the origin of the nonmonotonic behavior, we
calculated the first moment of the phonon spectra given by
Eq. (4). The (w) monotonically increases with Ni content, as
shown in Fig. 3(b). One should notice that (w) is obtained if
a’F () is replaced with F (w) in Eq. (2), except for a constant
factor. The nonmonotonic behavior is not merely due to the
redistribution of the phonon spectra, but due to the weakened
a’F (w). When a small amount of Cu is replaced with Ni, the
electron and phonon eigenstates as well as their energy spectra
will be modified. From Eq. (1) with this consideration, we
speculate that in dilute alloys the matrix elements |g|> and/or
the phase space for the e-ph scattering are decreasing function
of Ni concentration, resulting in an anomalous decrease in
A{w?). The a®F (w) and the phonon DOS for Cu-Ni alloys are
provided in Supplemental Material [31].

We calculated A (w?) for CusZ; with period 4 metals Z from
K to Zn. Among them, Cu7Ni, has the smallest value of A {w?).
We also calculated A(w?) for X;¥; with X = Cu, Ag, Au
and Y = Ni, Pd, Pt, Cu, Ag, Au. A small inclusion of group
10 atoms always gives rise to a decrease in A(w?). The
smallest A(w?) is 16.1 meV? for AusPt;. Our systematic
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FIG. 3. (a) Luminescence decay rate at 0.6 eV as a function of
Ni content. Red and blue circles indicate the experimental and calcu-
lated data, respectively. The factor 1.7 is multiplied to the calculated

I'. (b) The first moment of the phonon spectra as a function of Ni
content.
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investigation suggests that the relaxation dynamics can be
manipulated by alloying. These results are provided in Sup-
plemental Material [31].

VI. CONCLUSION

Luminescence intensity and decay profiles were mea-
sured in Cu-Ni alloys and the composition dependence was
compared with a theoretical prediction. Nonmonotonic com-
position dependence of the decay rate was found below x =
0.2. Elongation of the luminescence lifetime by adding tran-
sition metal to noble metal is a rather unexpected result,
because the increase of DOS near the Fermi level accelerates
relaxation due to e-ph scattering. We emphasize that the quan-
titative prediction of the electron relaxation dynamics will
promote alloy design for desired electronic and optical proper-
ties, e.g., to realize longer lifetime. Size effect in nanocrystals
may help to modify the Eliashberg function to further reduce
the e-ph interaction strength, leading to improved quantum
efficiency of nanoparticle imagers. The inverse effect, i.e., an
increase in the e-ph coupling by foreign atom doping, may
enhance the superconducting transition temperature of metals.

We also found that the smaller the IDOS around the Fermi
level, the larger the luminescence intensity. This may reflect

the phase space available for the e-e scattering. This concept
will be useful for controlling the brightness of alloys.
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