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Central role of d-band energy level in
Cu-based intermetallic alloys

Check for updates

Jing Zhao 1,2, Wenming Xia1,2, Zhi Zeng 1,2 & Xianlong Wang 1,2

Cu-Au intermetallic alloys are classic paradigms in the history of alloy theory for studying order-
disorder transition, phase stability, and so on. However, density functional theory with a generalized
gradient approximation (GGA) fails to describe their formation energies and Au-rich ground states,
e.g., calculated formation energies are nearly 40% smaller than experimental values. In this work, we
found that these discrepancies, which are also common in other Cu-transitionmetal (TM) intermetallic
alloys, are actually caused by the fact that GGA produces Cu-3d bands with a shallower energy level
than the experimental results, leading to incorrect d-d hybridizations. By using the Hubbard U
correction to adjust the d-bands to the correct position, the discrepancies in GGA calculations are
eliminated. Our finding that the correct d-bands position is the key to characterize Cu-TMs, which can
be achieved efficiently by applying the Hubbard U correction.

Cu-based transition metal (Cu-TM) intermetallic alloys are the essential
systems employed in a wide range of fields1–5 such as catalysis1, electronic
components2, high-temperature structural materials3, basicmetallurgy4 and
magnetoresistance5.Among them,Cu-Au intermetallic alloys, an important
research topicduring thehistorical development of alloy theory, have always
been considered as a classic paradigm for studying crystal structure6–8,
electronic structure9–12, order-disorder transition13–17, and for applying dif-
ferent theoretical techniques of phase diagram and phase stability
calculations10,18–22 of intermetallic alloy systems. Most notably, this system
can serve as the basic test case for newalloy theory approaches, including the
cluster expansion method23–25, the coupling of configurational and vibra-
tional thermodynamics22,26, and the phase diagrams calculation methods20.
Extensive efforts have been made to clarify the structures of Cu-Au inter-
metallic alloys8,27–30 because it contains rich experimental information, i.e.,
complex phase diagrams28–32 and thermomechanical properties like for-
mation energy (enthalpy of formation)31, bulk modulus33, density10,34,
thermal expansion33,35 and melting temperature30. Out of several structures,
the fully orderedCu3Au andCuAu3 crystallized in theL12 structure, and the
ordered CuAu stabilized in the L10 phase

8,27 are themost stable structures at
low temperature.

However, up tonow, despite extensive researchonCu-Au intermetallic
alloys, the density functional theory (DFT) calculations have a long time
puzzling question in describing the properties of this system:Why is it that
the widely used DFT based on the generalized gradient approximation
(GGA) or local density functional (LDA) cannot correctly simulate the
features ofCu-Au intermetallic alloys?10,11,22,36 For instance,CuAu formation
energy or heat of formation, the difference between the total binding energy

of the system and its pure constituents, calculated byDFT-GGA22,37 is about
40% smaller than the measured value31. Accurately predicting formation
energy is crucial in Cu-Au alloys as it determines the stability of alloys with
different compositions at different temperatures and pressures30,31. Addi-
tionally, cluster expansion (CE) simulation combined with LDA predicts a
stable Au-rich phase CuAu2 crystallized in β2 structure, which cannot be
observed in experiments, while experimentally provedCuAu3-L12 structure
is predicted to be unstable22. Similar to the LDA, previous work clearly
established thatGGAof PBE also predict theCuAu3 as the unstable phase

37.
These discrepancies hinder the application of DFT calculations in Cu-Au
intermetallic alloys. Therefore, there is an urgent need to find out the reason
for the DFT failure, not only to understand the Cu-Au intermetallic alloys
more sufficiently but also to develop a high-efficient way to simulate their
properties, which can significantly promote the investigations of Cu-Au
intermetallic alloys and other relatedmetallic alloys. Based on the expensive
Heyd-Scuseria-Ernzerhof functional (HSE06) calculations, the significant
discrepancies in formation energies and incorrect geometries in the Cu-Au
system were ascribed to the failure of GGA to account for nonlocal exact
exchange37.

To obtain an accurate formation energy, a DFT calculation should
provide reliable electronic properties of an alloy and its constituent elements
simultaneously. In this work, we find that these discrepancies, such as
inaccurate formation energy and incorrectly ordered ground states, are due
to the GGA calculations producing a shallower Cu-3d band energy level
than the experimental result, resulting in a weaker d-d hybridization
betweenCu-3d andAu-5d. Herewe employ aHubbardU correction to tune
the d-band energy level. Taking the CuAu as an example, the GGA with

1Key Laboratory of Materials Physics, Institute of Solid State Physics, HFIPS, Chinese Academy of Sciences, Hefei 230031, China. 2Science Island Branch of
Graduate School, University of Science and Technology of China, Hefei 230026, China. e-mail: xlwang@theory.issp.ac.cn

npj Computational Materials |           (2024) 10:71 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-024-01257-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-024-01257-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-024-01257-y&domain=pdf
http://orcid.org/0000-0001-6644-2416
http://orcid.org/0000-0001-6644-2416
http://orcid.org/0000-0001-6644-2416
http://orcid.org/0000-0001-6644-2416
http://orcid.org/0000-0001-6644-2416
http://orcid.org/0000-0002-8218-4274
http://orcid.org/0000-0002-8218-4274
http://orcid.org/0000-0002-8218-4274
http://orcid.org/0000-0002-8218-4274
http://orcid.org/0000-0002-8218-4274
http://orcid.org/0000-0002-6514-9987
http://orcid.org/0000-0002-6514-9987
http://orcid.org/0000-0002-6514-9987
http://orcid.org/0000-0002-6514-9987
http://orcid.org/0000-0002-6514-9987
mailto:xlwang@theory.issp.ac.cn


HubbardU correction (GGA+U) formation energy (−93.4meV/atom) is
significantly more negative than those using GGA, and is in excellent
agreement with the experimentally measured values (−93.0 meV/atom).
Interestingly, this scenario is also widespread in other Cu-TM intermetallic
alloys.

Results and discussion
Formation energy
The Cu-TM intermetallic alloys mixed in a 1:1 ratio are easy to synthesize
and several phases have been synthesised experimentally: CuY38, CuSc39,
CuTi40,41, CuZr41,42, CuAu8, CuZn43, andCuPd44. Therefore, in the beginning
we have investigated the formation energies of CuTM intermetallic alloys
based on the DFT-GGA method, and the relative formation energies of
CuTM are shown in Fig. 1a by considering experimental values as a refer-
ence, where one can observe that the formation energies of CuY, CuSc,
CuTi, and CuZr are larger than the values of experiment41,42,45–47 (The red
bars in Fig. 1a and the formation energies are shown in Supplementary
Table 1). For example, the calculated formation energy of CuZr is
approximately larger than half of the experimental value. In contrast, for
CuAu, CuZn, and CuPd, formation energies simulated by the DFT-GGA
are smaller than the experimental values30,31,48(the red bars with a asterisk on
top in Fig. 1a).

Accordingly, it is natural to separate these intermetallic alloys into
two groups: The first group is the system consisting of Cu and TM with
d-electron numbers less than or equal to 2 (namely with a shallower d-
band energy level), whose formation energies are overestimated; The
second group composed of the Cu and TM with d-electron numbers
greater than or equal to 9 (that is, with a deeper d-band energy level),
where the formation energies are underestimated. These findings show
that the failure of DFT-GGA to describe the alloy formation energies is
widespread among Cu-TM intermetallic alloys, and the discrepancies
between theoretical predictions and experimental measurements are

sensitive to the d-band energy level. Therefore, it is essential to inves-
tigate the d-band features in detail.

By observing the electronic density of states of d-band of TMs (Fig. 2),
we find that the GGA calculated d-band ranges (the yellow areas) of Cu
(~(−1.5) – (−5) eV), Zn (~(−6.7) – (−8.5) eV), Ag (~(−2.8) – (−6.2) eV)
and Cd (~(−8.2) – (−9.9) eV) are outside the experimental measurements
(denoted by a horizontal solid line in Fig. 2)49–53 [Cu ((−2) – (−6) eV), Zn
((−8.5) – (−11.5) eV), Ag ((−3.9) – (−7.4) eV), and Cd ((−9.0) – (−13.0)
eV]. The main peak of the density of states closest to the Fermi energy level
in TM (TM=Cu, Zn, Ag and Cd) is not within the range of experimental
observations (see Fig. 2a-d). In contrast, for the Sc-3d, Zr-4d, Pd-4d, Au-5d,
Y-4d, andTi-3d bands (Fig. 2e-h and Supplementary Fig. 1), themain peaks
and distribution areas of the d-band DOS simulated by GGA are in general
agreement with the measurements49,54–60. One can easily observe that the
GGA fails to characterize the d-band energy levels of TMs, the d-bands of
which are fully occupied and far from the Fermi energy level, but describes
well the case where there are d-electron contributions at the Fermi energy
level. In order to accurately describe thed-bandcharacteristicsofTMs,more
accurate functionals, e.g., the HSE06 functional61,62, can be used. However,
they are computationally expensive, which limits their applications for
structure search, complex alloy simulations, and high throughput calcula-
tions. The GGA+U approach, which in addition to having a similar
computational power toGGA, shifts the occupiedd state to the lower energy
region and only slightly affects the other orbitals whenU is only applied to d
orbitals, can be used to elucidate the physical mechanism. Therefore, we
choose GGA+U to modulate the characteristics of the d-band, including
the range of the distribution and the position of the peaks. The motivation
for applying the U correction to the fully occupied d orbitals of transition
metals is to adjust them to the correct energy level. As illustrated in the green
areas of Fig. 2a–d, after applying U values of 3.72 eV, 6.00 eV, 3.72 eV, and
5.00 eV to d-orbitals of Cu, Zn, Ag, and Cd, respectively, the calculated d-
band energy range are consistent well with experimentalmeasurements49–53.

(a)

Ef (meV/mixing atom)

(c)

(b)

Exp.

GGA

GG
A+
UTM

Fig. 1 | Formation energies (Ef) of Cu-based transition metal (Cu-TM) inter-
metallic alloys. a Ef discrepancies between theoretical predictions and experimental
results. The red bars with and without asterisk on top indicate that the GGA over-
estimates and underestimates the Ef, respectively. b GGA and GGA+U calculated
ground state lines of Cu-Au intermetallic alloy together with the experimental
results. The filled cyan and blue spheres/lines mean calculated Ef based on the GGA
and GGA+U, respectively. Experimentally measured Ef are presented as filled red

spheres. c Summary of the Ef values for Cu-TMalloys usingGGA (left pie charts) and
GGA+U (right pie charts) approaches.We also give the experimentally determined
energies of formation of ordered structures, as shown in the top pie charts filled with
solid colors. Note that the pie charts above, filled with grids, indicate that the
transition metals could not form an ordered alloy with Cu. In (c), except for Cu8Ni
and Cu2Cd, the rest of Cu-TM are mixed in a ratio of 1:1.
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In the absence of experimental results, theU values may can be obtained by
the linear response constrained density functional theory (cDFT) method,
which has been demonstrated to be computationally efficient and accurate
for the calculation of the U parameter with high applicability63–69. On the
otherhand, the expensiveHSE06calculateddensity of states canalsobeused
as a reference for the determination of effective U values.

After applying the Hubbard U corrections to Cu, Zn, Ag, and Cd, we
can predict the formation energies of Cu-TM intermetallic compounds
consistent with the experiment. In Cu-Au system based on GGA and
GGA+U, the calculations give ground-state convex hull curves (Fig. 1b),
which are constructed by the formation energies of thermodynamically
stable structures,where the intermetallic alloys located on thehulls are stable
against decomposition. We can find that the calculated formation energies
of Cu-Au based onGGA (the cyan spheres/lines in Fig. 1b) are significantly
smaller than experimental values, and experimentally synthesized CuAu3
does not locate on the convex hull. However, GGA+U calculations can not
only give out the correct formation energies but also reproduce the CuAu3
reported by experiment31 (the blue lines/spheres in Fig. 1b). The good
agreement between GGA+U calculations and experimental measure-
ments in Cu-Au implies that the correct d-band position may play an
important role in formation energy. It should be noted that the GGA+U
formation energy of the fully orderedCuAu3 crystallised in theL12 structure
is−50meV/atom,which is slightly lower than the experimentallymeasured
−39meV/atom. The experimental formation energy of CuAu3 comes from
an incompletelyorderedexperimental structure31,whichmaybe responsible
for its location above the convexhull as shown inFig. 1b. SinceCu-3d energy
level based on the GGA is shallower than experimental observation, the d-
band center distance between the Cu-3d and Au-5d is overestimated (Fig.
3a, Supplementary Fig. 2a, b and Supplementary Table 2), resulting in a
weaker 3d-5d hybridization and smaller formation energies than experi-
mental values (the cyan and red spheres in Fig. 1b).

By applyingU = 3.72 eV, the Cu-3d band is moved to the lower energy
region. At the same time, the distribution features of Au-s, Au-p, Cu-s, and
Cu-p orbitals in the intermetallic alloy are slightly affected (see Supple-
mentary Fig. 3). Therefore, the HubbardU correction, which plays a role in
modulating the position of the d-energy level, is applied to Cu element with
fullyfilledd-shell. After applying theU value to theCu-dorbital, the position
of the Cu-d band energy level (see Supplementary Table 2) shifted from
−2.48 eV to−3.13 eV, closer to the Au-d band energy level (−4.33 eV). As
shown in Fig. 3a, we can also observe a weakening of the intensity of the d-

band DOS in the CuAu alloy after the addition of U. Furthermore, the
Hubbard U correction causes 0.6% volume collapse and 0.004 Å Cu-Au
bond length shrinking in CuAu. These results demonstrate that the hybri-
dization between Cu-3d and Au-5d orbitals became stronger. The same
phenomena can also be observed in Cu3Au and CuAu3 intermetallic alloys
(Supplementary Fig. 2a, b). Our results have demonstrated that the inac-
curate description of the Cu-3d band energy level using GGA is a severe
problem for the accurate description of the Cu-Au formation energies.
Furthermore, a similar scenario occurs in CuPd intermetallic compounds
where the d-band center of Pd-4d is lower than the Cu-3d band center (the
red bars with a asterisk on top in Fig. 1a, Supplementary Fig. 2c and Sup-
plementary Table 2).

To provide further validation of our findings, we have investigated the
effect of Cu-3d distribution on the accuracy of the formation energies of
otherCuTM(TM=Sc, Ti, Y andZr) intermetallic compounds, where thed-
band center of TM-d is higher than the Cu-3d band energy center (Fig. 3b,
Supplementary Fig. 2d–f and SupplementaryTable 2). The shallowerCu-3d
energy-level based on the GGA enhances the interactions between Cu-3d
andTM-d, leading to larger formation energies than the experimental values
(the red bars in Fig. 1a). Themodulation of Cu-3d orbital by theHubbardU
correction reduces the hybridization between Cu-3d and TM-d (TM = Sc,
Ti, Y and Zr), resulting in the relative discrepancies between theoretically
simulated formation energies and experimental values to be reduced from
26.8% to 2.6% (CuY), 28.1% to 0.9% (CuSc), 33.0% to 17.0% (CuTi), and
46.8% to 2.1% (CuZr) (the blue bars in Fig. 1a and Supplementary Table 1).

Considering CuSc, we have further performed the crystal orbital
Hamilton population (COHP)70,71 analyses to study the bond strength. The
interactions between Cu-3d and Sc-3d in CuSc and their corresponding
energy values after integration up to the Fermi level (ICOHP, an efficient
measure of the bond strength) are shown in Fig. 3d. Compared with the d-
bonding contribution of CuSc based on the GGA (ICOHP =−0.147 eV),
the bonding strength (ICOHP=−0.130 eV) of the GGA+U calculation
become weaker, which rationalizes our conclusion that correct Cu-3d
energy-level is the key for describing the CuTM formation energies cor-
rectly. Furthermore, after applying Hubbard U corrections on Cu-3d and
Zn-3d, a more accurate CuZn formation energy is obtained, as shown in
Figs. 1a, 3c.

Based on the experimental phase diagram30,72,73, except for the CuTM
intermetallic alloys, Cd can also form ordered compounds with Cu but not
with the ratio of 1:1 as shown in Fig. 1a. We have also calculated the

0
2
4
6
8
10
12

0

2

4

6

8

-15 -12 -9 -6 -3 0
0

3

6

9

12

15

0

2

4

6

8
D
O
S
(s
ta
te
s/
eV
/a
to
m
)

Cu-3d

GGAGGA+U

-6 -4 -2 0
Energy (eV)

D
O
S
(s
ta
te
s/
eV
/a
to
m
)

Zn-3d

-12 -9 -6 -3 0
Energy (eV)

D
O
S
(s
ta
te
s/
eV
/a
to
m
)

Ag-4d

-8 -6 -4 -2 0
Energy (eV)

D
O
S
(s
ta
te
s/
eV
/a
to
m
)

Energy (eV)

Cd-4d

-4 -2 0 2
0

1

2

3

D
O
S
(s
ta
te
s/
eV
/a
to
m
)

Energy (eV)

Sc-3d

-6 -4 -2 0 2
0

1

2

3

4

D
O
S
(s
ta
te
s/
eV
/a
to
m
)

Energy (eV)

Pd-4d

-4 -2 0 2
0

1
D
O
S
(s
ta
te
s/
eV
/a
to
m
)

Energy (eV)

Zr-4d

-8 -6 -4 -2 0
0

1

2

3

4

D
O
S
(s
ta
te
s/
eV
/a
to
m
)

Energy (eV)

(a) (b) (c) (d)

(e) (f) (g) (h)
Au-5d

Fig. 2 |Densities of states (DOS) of transitionmetals.DOSof d-bands [from left to
right, top to bottom: Cu-3d, Zn-3d, Ag-4d, Cd-4d, Sc-3d, Zr-4d, Pd-4d and Au-5d]
calculated using GGA (yellow ranges) and GGA+U (green ranges), as shown in
(a–h). The onsite Coulomb Interaction U of 3.72 eV, 6.00 eV, 3.72 eV, and 5.00 eV

are used for the Cu-3d, Zn-3d, Ag-4d, and Cd-4d electrons, respectively. The hor-
izontal black solid lines indicate the experimentally reported d-band ranges based on
the X-ray photoemission spectra or ultraviolet photoemission spectra, and the
vertical dashed line is the Fermi level.
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formation energy of the experimentally reported Cu2Cd
30,37,74 compound

closer to a 1:1 ratio, and the results are shown in Fig. 1c and Supplementary
Table 1. In contrary to experimental observation30,37, the GGA describes the
Cu2Cd intermetallic alloy as a phase separation system with a positive
energy of formation of 0.008 eV/atom. By adjusting the Cu-3d and Cd-4d
bands to correct energy levels, GGA+U calculations give a negative for-
mation energy of−0.012 eV/atom, which is close to the experimental value
(−0.026 eV/atom). On the other hand, there are several 3d and 4d TMs
(TM=V-Ni, Nb-Rh, and Ag) that cannot form ordered alloys with Cu,
where phase separation tendencies are experimentally observed in the Cu-
TMs phase diagram72,75,76. Formation energies of these alloys using different
DFTapproaches (GGAandGGA+U) are given in SupplementaryTable 1.
Except for the Cu-Ni case, based on CuTM (TM=V-Co, Nb-Rn, and Ag)
structures shown in the Open Quantum Materials Database (OQMD)41,42,
calculated formation energies by using both GGA and GGA+U (Pie chart
filled by gradient red in Fig. 1c) are positive consistent with experimental
reports. In case of Cu-Ni, only Cu8Ni can be found in the OQMD41,42 with a
formation energy of −0.6 meV/atom, which is also consistent to some
extent with our calculated formation energy of Cu8Ni based on the GGA
(−0.5meV/atom, Pie chart filled by gradient blue). Nevertheless, GGA+U
calculations give a positive formation energy of 2.6meV/atom, agreeing
with the experimental observations72,77. These results strongly confirm the
improvement in accuracy when the d-bands are fitted to the correct posi-
tion, suggesting that GGA+U is an effective method for predicting the
formation energies of Cu-TMs.

Cohesive energy and ground-state structures
Several studies have shown that finding a universal functional which can
provide accurate cohesive energies and formation energies of intermetallic
alloys is challenging48,78. We further test the accuracy of GGA+U in
cohesive energies79,80 ofCu3Au,CuAuandCuAu3 intermetallic compounds.
The results show that the mean absolute percentage error of 15.73% in the
GGA+U cohesive energies is larger than the GGA error of 11.43% and is
smaller than the HSE06 error of 18.20%, as shown in Supplementary Table
3, indicating that neither DFT+U nor HSE06 is the ultimate solution for

intermetallic alloys with Cu atom if cohesive energies are also analyzed (for
details of a discussion, see the Supplemental Material).

Since GGA+U has a similar computational efficiency as that of
GGA, modulation of d-bands by the Hubbard U correction can be
applied not only to the characterization of formation energies but also to
the prediction of the ground-state structures of intermetallic alloys, such
as high-efficient structure prediction and high-throughput computing.
Therefore, the stable ordered Cu-Au structures are simulated based on
theCE81method combinedwith theGGAandGGA+U, as shown in the
Fig. 4. Both GGA (Fig. 4a) and GGA+U (Fig. 4b) calculations correctly
give the experimentally observed Cu-rich stable phases of Cu3Au-L12
and CuAu-L10

27,31, which are located on the hulls. However, in the Au-
rich region, the experimentally reported CuAu3-L12 phase with Pm-3m
symmetry located above the convex hull curve of the GGA simulations,
while a P4/mmm-type CuAu3 structure was incorrectly predicted as the
ground state. Two Au-rich components (CuAu2 and Cu2Au3), not
observed by experimental observation, are predicted to be stable phases.
We know that the vibrational entropy omitted in the static calculation is
also a factor influencing the energy to be reckoned with. Therefore, we
have considered the energies of Cu, Au and Cu-Au alloys at 300 K and
1000 K to calculate the corresponding formation energies. The results
show that with increasing temperature, the stability of both the Pm-3m-
type and theP4/mmm-typeCuAu3 decreased, as reflected by being above
the convex hull curve at 300 K, and CuAu2 became the only stable
structure with increasing temperature up to 1000 K in the Au-rich
region. The convex hull curve at high temperatures was inconsistent
with experimental observation.8,27,31.

In contrast with GGA results, experimentally reported CuAu3-L12
phase withPm-3m symmetry located on the convex hull curve of GGA+U
simulations as shown in Fig. 4b, d. The CuAu2 and Cu2Au3 tend to
decompose at high temperatures, consistent with the fact that these struc-
tures have not been observed experimentally. Consequently, theCuAu3-L12
phase with Pm-3m symmetry is becoming the only stable phase in the Au-
rich range at 1000 K, which agree precisely with experimental
observations8,27,31. These findings have indicated that it is essential to adjust

Fig. 3 | DOS of CuTM intermetallic compounds
and COHP analysis. a–c DOS calculated using
GGA (up panel) and GGA+U (down panel) of
CuAu-L10, CuSc-B2, and CuZn-B2. In (a–c), the
dashed vertical lines show the Fermi energy level.
dTheCrystal OrbitalHamiltonPopulation (COHP)
analysis of d-bonding interactions in CuSc based on
the GGA and GGA+U calculations and their
energy values after integration up to the Fermi
level (ICOHP).
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d-bands to the correct energy level for describing the ground state of theCu-
Au system, andHubbardU correction is a highly efficientway to realize this.

Finally, we analyzed the variation of the electron occupation numbers
of Cu and Au based on the Millikan charge, which are summarized in
Supplementary Table 4. We can find that the occupation number of ele-
mental Cu or Au d electrons is less than 10, implying d to sp promotion (or
hybridization), this hybridization has also been reported in the study of Cu
nanoparticles82. Relative to the pure element, Cu gains d and Au loses d
charge upon alloying, in agreement with the experiment83 and similar to the
charge transfer in AuAg and AgPd84. Therefore, intra-atomic charge
redistribution during elemental and alloy formation results in d-bands
containing partial unoccupied state, which is involved in bonding. In
addition, the s and p electrons in the outer shell of Cu and Au are also
involved in bonding.

In thiswork, the formation energies ofCu-TMintermetallic alloys (TM
= Sc-Zn, Y-Cd, and Au) are systematically investigated based on the first-
principles methods. We have found that d-band energy levels of TMs (Cu,
Zn, Ag, and Cd) with fully occupied d-bands cannot be correctly described
by the GGA calculations. In contrast, the counterparts of TMs (e.g., Sc, Zr,
Pd, and Au) with d-electron distribution at the Fermi energy level can be
successfully described. The deficiencies of GGA in the description of Cu-Au
intermetallic alloys, which are also prevalent in other Cu-TM intermetallic
alloys, are caused by the mischaracterization of the d-band energy-level
resulting inwrongd-dhybridization.Applying theHubbardU toCu-3d can
rectify the GGA deficiency in describing the properties of Cu-TM inter-
metallic alloys by adjusting the energy level of thed-band to correct position.
For example, in theCu-Au system, theGGA+U formation energyofCuAu
is −93.4 meV/atom, which is similar to the experimental result

(−93.0meV/atom). Furthermore, the CuAu3-L12 phase with Pm-3m
symmetry is correctly predicted as the only stable phase in the Au-rich
range. Our results have demonstrated that the interactions between Cu-3d
and TM-d play a crucial role in characterization of formation energy and
ground state structures of Cu-TM intermetallic alloys. Our results illustrate
the high efficiency of the GGA+U in tuning the TM-d band to an accurate
energy level and offer an idea for investigating other transition metal
intermetallic alloys, phase diagrams and high throughput calculations, etc.

Methods
Density functional theory calculations
The density functional theory calculations were carried out with the pro-
jector augmented wave (PAW) scheme85,86 as implemented in the Vienna
Ab initio Simulation Package (VASP)87. The exchange and correlation
energywasdescribedwithin the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof88. GGA with the Hubbard U correction
(GGA+U) based on the Dudarev’s approach89, was used to fit the d-bands
of transition metals to the correct energy level. Please note that in Kohn-
Sham density-functional theory, only the energy of the highest occupied
state has a rigorous physical interpretation, i.e., it is equal to the first ioni-
zation energy90–94. The onsite Coulomb interaction U of 3.72 eV, 6.00 eV,
3.72 eVand5.00 eVwas carriedout for theCu-3d, Zn-3d, Ag-4d andCd-4d,
respectively. To ensure the quality of the selected U values, we have taken
CuAu alloy as an example and calculated the formation energies atU values
of 3.52 eV, 3.62 eV, 3.82 eV and 3.92 eV, with corresponding results of
−0.091 eV/atom,−0.092 eV/atom,−0.094 eV/atom and−0.095 eV/atom,
which are in general agreement with the experimental observation
(−0.093 eV/atom). Additionally, we also use the local density

Fig. 4 | Ground state structures of Cu-Au system. Predicted ground state lines of
Cu1-xAux using (a) GGA and (b) GGA+U combined with the cluster expansion
method. The orange diamond and blue triangles mean the mixing energies calcu-
lated by GGA or GGA+U and predicted using the effective cluster interactions,
respectively. Convex hull curves of the Cu-Au intermetallic system at temperatures

300 and 1000 K based on GGA and GGA+U are shown in (c, d), respectively. In
(a–d), the blue crosses represent the structures observed in the experiment and the
open red circles represent the ground states predicted by GGA or GGA+U,
respectively.
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approximation95 (LDA) andLDAwithHubbardU correction (U = 3.72 eV)
to calculate the formation energy of the CuAu intermetallic compound, and
find that the calculated results are in excellent agreement with those
obtained using GGA and GGA+U (U = 3.72 eV), respectively. Our find-
ings indicate that the choice of the exchange and correlation functional does
not significantly affect the formation energy.

The plane-wave energy cutoff of 400 eV and reciprocal space resolu-
tion of 2π × 0.025 Å−1 for all calculations were used. Both lattice parameters
and atomic positions were fully relaxed until forces on each atom were less
than 0.001 eV/Å, and the convergence value of energy was set to
1.0 × 10−6 eV. All structures were optimized entirely until the total stress
tensors were below 0.1 GPa. The crystal orbital Hamilton population
(COHP) analysis was performed using the LOBSTER package to evaluate
the bonding interactions quantitatively71. To predict a stable ordered crystal
structure of the Cu-Au system, we have performed the calculations using a
cluster expansion method81 combined with both GGA and GGA+U, as
implemented in the Alloy Theoretic Automated Toolkit (ATAT) package
and its interface with the MAPS code25,96.

Data availability
The authors declare that the data supporting the findings of this study are
available within the article and its supplementary information file or from
the corresponding author on reasonable request.

Code availability
The VASP code is charged. The LOBSTER and ATAT codes are freely
available and can be used on the website.
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