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SUMMARY

Utilizing high-pressure tomodulate optical properties, such as thermoreflectance
(dR/dT), over a wide range has received much attention. Nevertheless, how the
pressure exerts on the complex dielectric constant and finally on dR/dT remains
elusive. Here, we perform a thoroughly experimental and theoretical investiga-
tion on dR/dT of Al nano-film from 0 to 25 GPa. The dR/dT values exhibit a sine-
like pressure-dependence, with the zero-crossing appearing at around 6 GPa.
These special phenomena are well explained from electron transition viewpoints.
The first-principles calculations show that the energy difference of parallel bands
is enlarged from 1.45 to 2 eV, thereby increasing the threshold for electron tran-
sitions. The lifted threshold changes the optical absorption rates of Al and the
density of states of the electrons involving interband transitions; finally, the re-
sulting dR/dT exhibits such a pressure-dependent behavior. Our findings provide
a deep insight on pressure-induced electronic transitions and photon-electron in-
teractions in metals.

INTRODUCTION

Physical properties of materials at high pressure are of great importance in geophysics, astrophysics, and

high temperature superconductors. The investigation of physical properties at high pressure is capable of

providing fundamental insights into properties of condensed matter that is not otherwise clear from

ambient pressure experiments. Recently, utilizing high pressure to realize the modulation of physical prop-

erties has also received a great deal of attention. Numerous studies have confirmed that pressure on the

gigapascal scale enabled us to alter optical (Jaffe et al., 2016; Xiao et al., 2017), mechanical (Liu et al., 2020;

Zhao et al., 2017), and thermal properties (Hohensee et al., 2015a; Hsieh et al., 2011) of materials over a

wide range. Among them, high-pressure thermoreflectance (dR/dT) spectroscopy can be used for yielding

important information of materials, such as detailed electronic band structure, optical absorption at critical

points in the Brillouin zone, photon-electron interactions, and optical transitions involving the Fermi level

(Colavita et al., 1983a, 1983b; Hanus et al., 1967; Smith and Norris, 2001). The dR/dT of metals at high pres-

sure also contains the information of both the normal ground-state electronic properties and the effect of

many scattering electrons (Tups and Syassen, 1984).

Thermoreflectance spectroscopy of metals have been studied for decades (Eesley, 1983; Hopkins, 2009,

2010a; Rosei, 1974; Rosei et al., 1974; Tups and Syassen, 1984). Rosei and his co-workers (Rosei and Lynch,

1972) measured the dR/dT of Al, Au, and Cu at 120 and 370 K and ambient pressure in photon energy range

of 0.5–5 eV and the data yielded the dR/dT spectrum of the imaginary part of the dielectric constant

directly, without the Kramers-Kronig analysis. In particular, they found that the imaginary part of the dielec-

tric constant of Al was able to be discussed simply using closed-form expressions for optical conductivity,

and intraband transitions dominated the dR/dT at the infrared region. Subsequently, Tups and Syassen

(Tups and Syassen, 1984) first made a significant stride towards the effect of pressure on the optical absorp-

tion in Al. With the pressure increasing, the spectrum of reflectivity (R) had a slightly increasing discrepancy

in the shape of the absorption edges, resulting in that the R changed slightly with pressure at fixed photon

energy. Dandrea and Ashcroft (Dandrea and Ashcroft, 1985) further correlated electron scattering with the

optical absorption features of Al at high pressure. They found that the experimental data in earlier work

(Tups and Syassen, 1984) were best accounted for when scattering effects were included within a
iScience 24, 102990, September 24, 2021 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:zhujie@dlut.edu.cn
mailto:dwtang@dlut.edu.cn
https://doi.org/10.1016/j.isci.2021.102990
https://doi.org/10.1016/j.isci.2021.102990
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.102990&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Article
number-conserving approximation, and when an ab initio electron-electron scattering rate was also

included. In fact, it should be noted that very little work has been carried out on pressure effect on dR/dT.

Moreover, when investigating the pressure effect on thermal transport properties, the experiment

technique was limited to optical methods, such as time domain thermoreflectance (TDTR), which is a multi-

functional and non-contact pump-probe method and requires a metallic transducer film. The fundamental

principles of TDTR directly relate to dR/dT of metallic films as thermometers (Cahill, 2004), which can be

considered as a constant when the temperature change is small. Therefore, the value of dR/dT of metallic

films is critical for the optimization of TDTR signals. In addition, the combination of TDTR and a diamond

anvil cells (DAC) (Jayaraman, 1986) enables us to investigate both optical (Chen et al., 2016; Zheng et al.,

2018) and thermal (Hohensee et al., 2015a; Hsieh et al., 2011) properties at high pressure systematically, in

which Al nano-film is the most widely used transducer because of its high dR/dT and high stability. Hence,

the pressure dependence of dR/dT of Al is also of great importance in the studies of high pressure

thermophysics.

Literature studies on the microscale regime of thermoreflectance spectroscopy in ambient-pressure TDTR

measurements had indicated that the change of thermal reflectance signals from a metal film could be

caused by the change of the plasma frequency, carrier scattering rates, and the number density of elec-

tronic population around the Fermi surface (Hopkins, 2010b). Wang et al. (Wang et al., 2010) and Wilson

et al. (Wilson et al., 2012) reported the values of R and dR/dT for different metals and oxides at wavelength

range 0.4–1.6 mmand those data assisted in the design and interpretation of optical pump-probe studies of

thermal properties. For the experiments under high pressure, Hsieh and Cahill (Hsieh and Cahill, 2011)

measured the dR/dT of Ta, Au(Pd) (z5 at. % Pd), and Al by combining TDTR and a silicon carbide anvil

cell. They found that Ta had a large and pressure-independent dR/dT within 10 GPa (Wang et al., 2010),

whereas Au(Pd) had a very high R at the wavelength of 785 nm but a too weak dR/dT (Hohensee et al.,

2015b). The dR/dT of Al was very sensitive to pressure and decreased to near zero when the pressure

increased to around 6 GPa.

Therefore, different metal materials showed various pressure-dependent dR/dT spectroscopies, whereas

the physical mechanism of this pressure-effect remains elusive owing to the challenges in both accurate

measurements and sophisticated modeling. Herein, we presented both experimental and theoretical

studies on R and dR/dT of Al at high pressure. Firstly, four samples, i.e., Al/GaAs, Al/SiO2/Si, Al/ZnO,

and Al/SrTiO3 were prepared (see STAR Methods), and their R and dR/dT were measured by TDTR inte-

grated with a DAC in the pressure range of 0–25 GPa; the schematic diagram is shown in Figure 1. The pres-

sure gradient as a function of pressure is shown in Figure S1. Then, we proposed a new theoretical method,

in which classical and quantum-mechanical dielectric functions were taken into consideration, to quantify

pressure-dependent R and dR/dT, with the electronic band structure using first-principles calculations.

Finally, by comparing the experimental and theoretical results, the behaviors of R and dR/dT of Al at

high pressure were well explained by interband transitions and energy-band engineering.
RESULTS AND DISCUSSION

Measurements on reflectivity as a function of pressure

Figure 2A shows the measured Vdc signals normalized by probe beam energy (see STAR Methods) of

Al/GaAs, Al/SiO2/Si, Al/ZnO, and Al/SrTiO3 as functions of pressure. The Vdc signals of the Al/GaAs and

Al/SiO2/Si, which are measured in the air, are 77 mV. When the samples are loaded into the DAC, the

Vdc signals reduced to z55% for the reflection of two interfaces (diamond/air and diamond/silicone-oil),

and the schematic diagram is inserted in Figure 2A. For the normal incidence of the probe beam, the R

of each interface is capable of being expressed as R=(n1-n2)
2/(n1+n2)

2, in which the refractive index of

air, diamond, and silicone-oil were 1, 2.47, and 1.4, respectively. With the expression of the R used, we

calculate the reflectivity of the diamond/silicone-oil interface R1 = 0.075 and the diamond/air interface

R2 = 0.18. The probe beam normally passes through each interface twice, so we estimate the reduction

of the Vdc signals by a factor of (1-R1)
23(1-R2)

2 = 0.55. Therefore, the calculated Vdc signals of Al/GaAs

and Al/SiO2/Si in the DAC and at ambient pressure are 42.5 mV, which are well consistent with the exper-

imental values.

In addition, we obtain the pressure dependence of the R using Equation (1) (STAR Methods), as shown in

Figure 2B. There are some factors that contributed to the error of the R at high pressure. The uncertainty of
2 iScience 24, 102990, September 24, 2021



Figure 1. Schematic diagram of experimental setup for high-presure TDTR measurements

(A) Schematic of the TDTR system setup. The abbreviation of PBS, BS, and EOM stand for polarizing beam splitter, beam splitter, and electro-optic-

modulator respectively.

(B) Configuration of the diamond anvil cell (DAC) with a sample chamber, rubies, and samples.

(C) The schematic of samples for the dR/dT and R measurements.
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Vdc,p, which is generated by photodiode, is about 0.5%, the error of R0 is within 5%, and the error of the

estimated Vdc,0 is about 5%. Therefore, the total error of the R can be estimated as ER =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
Vdc;0

+E2
R0
+E2

Vdc;p

q
, which is approximatively 7%. The experimental results show that the R of Al/GaAs,

Al/ZnO, and Al/SrTiO3 is sensitive to pressure when pressure is above 10 GPa, and substrates have large

effects on R at high pressure regions. This observation suggests that the R of Al nano-films can be affected

by interfaces shear strains of Al/substrates, which can split degenerate energy bands and cause shifting and

warping, and then affect the Fermi level. Moreover, the R is a surface phenomenon, so surface conditions

may have a large effect on it. At such extreme environment, the Al film will undergo different plastic defor-

mation, especially at high pressure conditions, to accommodate the substrates. Thus, different surface con-

ditions such as roughness make differences in behavior in R. Those perspectives are supported by pressure

dependence of the R of Al/diamond drawn from previous work (Hohensee et al., 2015b; Tups and Syassen,

1984), which are labeled in Figure 2B. In their experiments, the Al film was deposited on diamond anvil

plates, whereas the stiffness of diamond is high enough so that the deformation is almost negligible. Hence

the shear strains of Al/diamond interface are small, which somewhat protects the Al film and makes the R

insensitive to pressure.
Measurements on thermoreflectance as a function of pressure

In Figure 3A, we plot the Vm signals normalized by pump beam energy versus pressure for the Al/GaAs,

Al/SiO2/Si, Al/ZnO, and Al/SrTiO3. To inhibit the effect of pressure-induced inhomogeneity of the samples,

we measure the Vm signals (see STAR Methods) at three to four locations under each pressure and select

the average signals as the measurement results. As seen in Figure 3A, with the pressure increasing, the

normalized Vm signals of these four samples decrease, and then down to negative. We also see the Vm sig-

nals of Al films on these four substrates exhibit almost the same pressure-dependent behaviors. As ex-

pected, the dR/dT of the Al/GaAs, Al/SiO2/Si, Al/ZnO, and Al/SrTiO3 (Figure 3B), which are figured out

by Equation (2) (see STARMethods), exhibits a parallel behavior with the normalized Vm signals. This obser-

vation givea direct experimental evidence that pressure is capable of reducing the dR/dT of Al nano-films

at a laser wavelength of 785 nm, which dramatically alters the R temperature coefficients of electrons and

phonons from positive to negative at around 6 GPa. To estimate the error of the dR/dT, it is essential for us

to take the error propagation of the Vm, Vdc, R, and DT into consideration. With the variation of thermal
iScience 24, 102990, September 24, 2021 3



Figure 2. Normalized Vdc signals and R of Al as functions of pressure

(A) The Vdc signals normalized by probe beam energy of Al/GaAs, Al/SiO2/Si, Al/ZnO, and Al/SrTiO3 as a function of

pressure. As shown in the schematic of multilayer reflection, after the samples are loaded into the DAC, the normalized

Vdc signals measured in the air (filled squares) reduce toz55% (hollow circles) due to the reflection of two interfaces. R, R1

and R2 denote the reflectivity of silicone-oil/Al, diamond/silicone-oil, and air/diamond interfaces, respectively. Filled

circles denote the normalized Vdc signals at high pressure.

(B) Pressure dependence of the R of Al nano-films. The total error of the R is about 7%. The experimental results show that

the R of Al/GaAs, Al/ZnO, and Al/SrTiO3 is sensitive to pressure when pressure is above 10 GPa, and substrates have large

effects on R at high pressure regions. As a comparison, we also draw the pressure dependence of Al/diamond (hollow

circles) from literature.
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parameters at high pressure, the error of DT is less than 7%, and the error of quality factor Q is typical 5%.

Therefore, the total error was performed as EdR=dT =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
Vm

+E2
Vdc

+E2
Q +E2

R +E2
DT

q
, which is z 14%.

As seen in Figure 3B, the dR/dT of the four samples at ambient pressure or low pressure are in the range of

1.6 3 10�4 K�1-2.1 3 10�4 K�1, which are consistent with literature (Favaloro et al., 2015; Wang et al., 2010;

Wilson et al., 2012). Furthermore, we plot the dR/dT of the Al/mica and Al/diamond drawn from earlier work

(Hohensee et al., 2015b; Hsieh and Cahill, 2011) in Figure 3B. The measured dR/dT of the four samples are

consistent and in good agreement with literature values. Remarkably, we notice that the dR/dT of Al nano-

films under different pressure spanned one to two orders of magnitude; however, R only changes slightly. In

fact, it should be noted that very little available work has been carried out on explaining the behavior of the

R and dR/dT of Al nano-films under high-pressure fundamentally. Therefore, to gain more insights, we also

conducted the theoretical derivations (see STAR Methods) and first-principle calculations (see STAR

Methods) to investigate the pressure-dependence of the R and dR/dT of Al quantitatively.

Theoretical calculations on reflectivity and thermoreflectance as functions of pressure

Accordingtothe theoretical derivationsof theRanddR/dT, wefindthatonly theenergydifferenceDEul of the two

bands involving interband transitions is a function of pressure and dominates the change in dR/dT of Al. There-

fore, to obtain the relationship ofDEul andpressure, weperform the first-principles calculations on the electronic

band structure from ambient pressure to 25 GPa. In the calculations, we applied hydrostatic pressure conditions

to obtain the band structure, and the lattice constants reduced isotropically. Figures 4A–4E show the band struc-

ture betweenK andX at several selected pressure, and the transition regions aremarkedby solid arrows. Almost

all of interband transitions occur on the approximately parallel bands that are symmetric about theGpoint in the

Brillouin zoneandone isbetweenKandX. Theapproximatelyparallelbands,oneabove theFermi levelEfand the

other below, enable the interband transitions from a large number of occupied states; however, below the Ef, all

occur at the energy ofDEul. Therefore, the density of states at the DEul are very high, resulting in a particularly

strong absorption at this photon energy. In Figure 4F, we plot the calculated DEul as a function of pressure.

Wesee thatDEul increasedmonotonouslywith increasingpressure, andwefittedDEul withpressureby a 3
rdpoly-

nomial fitting for guiding the eyes (labeled in Figure 4F). Theband structures calculations suggest that enhanced

optical absorptionand interband transition ratesatdifferentDEul qualitativelydemonstrate theevolutionofRand

dR/dT as functions of pressure.

To explain the relationship between R as well as dR/dT and pressure quantitatively, we, therefore, take both

intraband and interband transitions into consideration when we perform the theoretical calculations. On
4 iScience 24, 102990, September 24, 2021



Figure 3. Normalized Vm signals and dR/dT of Al as functions of pressure

(A) The Vm signals normalized by pump beam energy versus pressure. With the pressure increasing, the normalized Vm

signals and dR/dT of the Al/GaAs, Al/SiO2/Si, Al/ZnO, and Al/SrTiO3 decrease, and then down to negative. We also see

the Vm signals of Al films on these four substrates exhibit almost the same pressure-dependent behaviors. The total error

of the dR/dT is z 14%.

(B) dR/dT of Al versus pressure. Filled circles denote the experimental results of the Al/GaAs (navy), Al/SiO2/Si (dull red),

Al/ZnO (yellow), and Al/SrTiO3 (purple). Hollow circles represent the dR/dT of the Al/mica (pink) and Al/diamond (light

green) drawn from literature.
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the basis of the Equations 3–13 (see STARMethods), we calculate the optical properties of Al as functions of

photon energy and pressure, as shown in Figure 5. In Figures 5A, 5C, 5E, and 5G, we plot the e, De, R, and

dR/dT as functions of photon energy at ambient pressure, respectively. In this calculation, the DEul of

ambient pressure is from the first-principle calculations and other input parameters are from literature

(Raki�c et al., 1998). Obviously, our calculated results, i.e., e1, e2, De1, De2, R, and dR/dT as functions of pres-

sure, match well with reported value in previous work (Barron et al., 2007; Raki�c et al., 1998; Wang et al.,

2010; Wilson et al., 2012), indicating that our theoretical model is valid and robust.

As seen in Figures 5B, 5D, 5F, and 5H, we plot thee, De, R, and dR/dT as functions of pressure, respectively.

In Figure 5B, both e1 and e2 exhibit a relatively weak pressure dependence overall, implying that DEul

slightly affects the dielectric constant as well as the R, which is calculated and shown in Figure 5F (blue

line). Likewise, strong interband transitions make the real and imaginary parts of the De to exhibit a large

vibration at around 6 GPa, as shown in Figure 5D. Besides, in Figures 5F and 5H, we compare the experi-

mental and theoretical results of R and dR/dT and find that the calculated results are in good agreement

with the experimental results, especially at critical point regions (labeled in Figure 4F), where the strongest

optical absorption and interband transitions occur. Our experimental and theoretical results indicate that,

(1) pressure alters the optical absorption rates at photon energy of the probe beam and then makes R to

exhibit a pressure dependent behavior. (2) The calculated results of pressure dependent R are consistent

with the experimental results in low pressure regions, whereas the shear strains caused by Al/substrate

have large effects on R at higher pressure conditions. In addition, the calculation results show that there

should be a strong absorption at around 6 GPa, thus R of this pressure is supposed to be lower than

that of other pressures; however, the experimental results do not capture this phenomenon. We attribute

this difference to uneven surface conditions at high pressure conditions. (3) DEul is the energy threshold of

interband transition and is near photon energy of the probe beam (1.58 eV) at around 6 GPa, resulting in

that dR/dT of almost down to zero at this pressure. (4) Pressure can enlarge DEul of the parallel bands be-

tween K and X points in the Brillouin zone, and then change the density of states of electrons that involve

interband transitions near the Ef,; leading to that, dR/dT exhibits a special pressure dependence. At pre-

sent, we can unveil the physical mechanism of how the pressure affects the R and dR/dT of Al. Firstly, pres-

sure enlarges theDEul, thereby increasing the energy threshold for interband transitions. Then, the lifted

energy threshold alters the optical absorption rates at the probe beam photon energy. Finally, the change

in probability of interband transitions makes the R and dR/dT to exhibit pressure-dependent behaviors.
Conclusions

In conclusion, we have unveiled the correlation between pressure and optical properties of Al by

combining TDTR experiments and dielectric function theory. The reflectivity R of Al nano-films can be

affected by the shear strains of Al/substrate interfaces, which altered the Fermi level. On the contrary,
iScience 24, 102990, September 24, 2021 5



Figure 4. First-principles calculations for Al band structure under high-pressure

(A–E) Band structure of Al between K and X points at the pressure of 0, 6, 10, 15, and 25 GPa, respectively. Ef denotes the Fermi level (dash line), DEul is the

energy difference of the upper and lower bands, and the arrows depict the region where the strongest interband transitions take place.

(F) DEul as a function of pressure. We fit DEul and pressure by a 3rd polynomial fitting for guiding the eyes. In addition, the critical point regions, where dR/dT

is tuned from positive to negative, are labeled.
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the shear strain effect on the thermoreflectance dR/dT is not significantly noticed. The dR/dT as well as re-

flectivity temperature coefficients of electrons and phonons in Al are changed from positive to negative

with the increasing pressure, and the zero-crossing appears at 5–7 GPa. This phenomenon can be ex-

plained thoroughly: (i) pressure enlarges the energy difference of the parallel bands between K and X

points in the Brillouin zone from 1.45 to 2 eV, thereby increasing the threshold for electronic transitions.

(ii) The lifted threshold changes the optical absorption rates of Al as well as the density of states of the

electrons that involve interband transitions; as a result, R and dR/dT exhibit such pressure-dependent be-

haviors. (iii) The light is absorbed mightily at 5–7 GPa for the resonance effect, so that the dR/dT is changed

from positive to negative. Our results provide both a deep insight on pressure-induced electronic transi-

tions and photon-electron interactions in metals and an important guidance for TDTR to accurately char-

acterize thermal transport properties under high pressure.
6 iScience 24, 102990, September 24, 2021



Figure 5. Theoretical results of dielectric function, R, and dR/dT as functions of photon energy and pressure

(A, C, E, and G) The dielectric function, R, and dR/dT of Al as functions of photon energy. e is the dielectric function and De

the change in the dielectric function. Subscripts 1 and 2 denote real and imaginary parts of complex dielectric function.

Superscript f represents free electrons involving intraband transitions.

(B, D, F, and H) The e, De, R, and dR/dT of Al as functions of pressure. Solid lines denote our calculation results. Filled and

hollow circles represent the experimental results from this work and literature, respectively.
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Limitations of the study

At present, it is difficult to accurately characterize the band structure of materials under high pressure. Pres-

sure-dependent optical properties of other metals need to be further investigated in experiments. Even

though the theoretical model built in this work is able to give an accurate quantitative description to the

optical properties of Al, a more perfect model, in which indirect electron transitions are taken into consid-

eration, is needed in the future for the better description of other metals and semiconductors. In addition,

the thickness of metal films (less than 50 nm) is also a key factor to affect optical constants, such as refractive

index and dielectric constants. Investigations on thickness-dependent optical constants under high-pres-

sure conditions is an important and interesting research field, which need be further studied in the future.
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Chemicals, peptides, and recombinant proteins

Gallium arsenide Hefei kejing materials technology Co., China CAS: 1303-00-0

Silica Hefei kejing materials technology Co., China CAS: 112945-52-5

Strontium titanate Hefei kejing materials technology Co., China CAS: 12060-59-2

Zinc oxide Hefei kejing materials technology Co., China CAS: 1314-13-2

Silicone oil Aladdin Industrial Co., China CAS: 63148-62-9

Software and algorithms

Origin 2018 Originlab https://www.originlab.com/

Vienna Ab-initio Simulation Package (VASP) National Supercomputing Center in Shenzhen http://www.nsccsz.cn/

MATLAB 2018a Mathworks https://www.mathworks.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Jie Zhu (zhujie@dlut.edu.cn).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original codes. Computational algorithms are written in the STAR Methods.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
METHOD DETAILS

Sample preparations

We used commercial <100> GaAs [N-type (phosphorus), 10�3 U3cm resistivity], thermally oxidized Si

wafers, zinc oxide (ZnO <0001>), and strontium titanate (SrTiO3 <100>) as the substrate materials. The

thickness of the SiO2 layer was measured by an ellipsometer as 327 G 3 nm. Before further processing,

the thickness of GaAs, SiO2/Si, ZnO, and SrTiO3 were polished to z20 mm, so that they were able to be

loaded into the DAC smoothly. To remove surface impurities, we treated these four kinds of substrates

in the hydrogen atmosphere in a tube furnace at 800 K for 30 min. Then the Al film was deposited on these

substrates by a dcmagnetron sputtering, and the thickness of Al was about 96 nmmeasured by picosecond

acoustics (Hohensee et al., 2012) at ambient condition. The Al film is optically thick and should reflect the

same optical constant as bulk materials (Hu et al., 2016). Therefore, we did not suppose any thickness

dependence or size effect here. After sputtering, the samples were fractured to squares of size 60 3

60 mm by a tungsten needle, and then loaded into a DAC together with some ruby spheres

(diameterz10 mm) and silicone-oil. The ruby fluorescence was used as a pressure sensor to calibrate pres-

sure and the silicone-oil acted as the pressure transmission medium, which ensured the samples in a quasi-

hydrostatic environment (Mao et al., 2018). The electronic conductivity of the Al film was determined by the

four-point probe technique on another reference piece due to the small sizes and fragility of the samples in

the DAC. Then the Al-film thermal conductivity was calculated as 120 Wm�1K�1 through the Wiedemann-

Franz law.
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In addition, we verify the quasi-hydrostatic environment. Several ruby spheres were placed at different lo-

cations in the DAC and we measured the fluorescence spectra of each ball to determine the pressure

gradient. The statistical precision on the position is G0.1 cm�1 corresponding to G0.015 GPa. An

extremely sensitive and reliable criterion for pressure gradients is the standard deviation s of the Pi indi-

cated by ruby spheres (Klotz et al., 2009) as s =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=N

PN
i = 1ðPi � PÞ2

q
, whereN is the number of ruby spheres

and P the average pressure. The percentage of pressure gradient relative to P was shown in Figure S1, and

obviously, the pressure gradient is within 5%, evidencing the quasi-hydrostatic environment.
Time domain thermoreflectance tests

In our experiment, TDTR integrated with DAC were employed to measure the R and dR/dT of Al nano-films

under high pressure. A schematic of the TDTR optical path and the internal structure of DAC in use at the

Dalian University of Technology are shown in Figure 1.

In our TDTR system (Zhu et al., 2017), the output of a mode-locked Ti:sapphire laser, which is of 785 nm

wavelength, 280 fs pulse width and at a repetition rate of 80 MHz, is split into a pump beam and a probe

beam through a polarizing beam splitter. The pump beam is modulated at the frequency of 9.8 MHz and

creates a temperature rise at the surface of the metal film. The probe beam, which is mechanically chopped

at audio frequency to remove background noise created by coherent pick-up and diffusely, subsequently

monitors the small changes in optical reflectivity due to the temperature evolution of themetal film surface.

A mechanical delay stage advances the arrival time of the pump beam relative to the probe beam. The

pump and probe beams are geometrically collinear and focus on the sample producing a beam spot

size (12 mm of 1/e2 radii) by 53 objective lens. The reflected probe beam is collected by a fast-response

photodiode detector. Before entering a lock-in amplifier, the voltage signals pass through a resonant filter

and a preamplifier. The root-mean-square (rms) voltage Vm is measured by the lock-in amplifier, and the

real and imaginary parts of the Vm are given by an in-phase (Vin) signal and an out-of-phase (Vout) signal.

Meanwhile, a dc voltage (Vdc) generated by the photodiode is collected. To guarantee the validity of Vm

and Vdc signals, we fix the incident power of the pump and probe beams at 20 and 10 mW, respectively.

It is worth mentioning that Vm and Vdc represent the change in reflectivity caused by temperature rise

and the static reflectivity, respectively, and enable us to derive the dR/dT and R of the metal transducer.

Here, we determined the R of the Al nano-films in two steps. First, on the basis of the Fresnel equation for

the normal incidence, we calculated the R of the silicone-oil/Al interface. Then, Vdc signals represented the

R, and we compared the Vdc signals of different pressure to that of ambient pressure so that the R of

different pressure can be estimated. Therefore, we calculated R at different pressure from the following

relationship:

R =
Vdc;p

Vdc;0
R0 (Equation 1)

from which we can get R0 = 0.83, the reflectivity of the silicone-oil/Al interface at ambient pressure, Vdc,0

represents the rms dc signals at ambient pressure, and Vdc,p denotes the dc signals at different pressure

(p). We determined dR/dT based on the equation derived by Cahill (Cahill, 2004) and Wang et al. (Wang

et al., 2010), and dR/dT was quantified by

dR

dT
=

ffiffiffi
2

p

Q

VmðtÞ
Vdc

R

DTðtÞ; (Equation 2)

whereQz 12 is the quality factor of the resonant circuit for our TDTR system at the modulation frequency

f = 9.8 MHz. Vm (t) is the voltage measured by the RF lock-in amplifier at a delay time t = 100 ps, which en-

sures electrons and phonons in thermal equilibrium. DT(t = 100 ps)z0.8 K is the temperature rise at the

delay time calculated through the bidirectional heat transfer model outlined by Braun et al. (Braun et al.,

2018).
Theoretical model details

In the interaction between photons and electrons, intraband transitions represent that free electrons are

excited into a higher energy level within the same band and mainly are promoted in the near infrared

regime. In contrast, interband transitions represent that bound electrons are excited into a higher energy

band which is unoccupied. Note that indirect interband transitions are disregarded for the interpretation of
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metal spectrum, because they are generally weaker than direct transitions by two or three orders of

magnitude.

In this section, we briefly derived the theoretical expression of the R and dR/dT of Al and developed the

quantum mechanics model that investigated the pressure effect on the R and dR/dT of Al. The expression

of R needs to be derived first. On the basis of the Fresnel equation, we carried out the relationship of the R

and dielectric constant as (Raki�c et al., 1998):

R =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 + e22

p
+ n2

0 � n0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

e21 + e22

p
+ e1

�r
ffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 + e22

p
+ n2

0 + n0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

e21 + e22

p
+ e1

�r (Equation 3)

where e1 and e2 are the real and imaginary components of the dielectric function, respectively, and n0 = 1:4

the refractive index of the Silicone-oil. With the classical Drude model and Lorentz model used, the com-

plex dielectric function was given by (Hostetler, 2001; Hummel, 2011)

e = e1 � ie2 = ef + eb =
�
ef1 + eb1

�� i
�
ef2 + eb2

�
; (Equation 4) 

2
!  

2
!

ef = ef1 � ief2 = 1� up

u2 � u2
c

+ i
uc

u
� up

u2 � u2
c

; (Equation 5)

2
�

2 2
�  

2
!

eb = eb1 � ieb2 =
X
i

fiup uul � u�
u2

ul � u2
�2

+u2u2
c

� i
X
i

fiupuuc�
u2

ul � u2
�2

+u2u2
c

(Equation 6)

where e is complex dielectric function. The superscripts of f and b denote free and bound electrons, respec-

tively. u is the frequency of the probe beam, up the plasma frequency, and uc the collision frequency. The fi
represents scattering strength of a number of i oscillators, and the resonance frequency uul, a function of

pressure, is associated with the transition between the lower (by the subscript of l) and upper (by the

subscript of u) bands. We expect that the change of up as functions of temperature and pressure is negli-

gible for it small enough (Radue et al., 2018). The uc is linearly dependent on temperature when electrons

and phonons are in thermal equilibrium and is expressed as (Kaveh and Wiser, 1984; Zhang et al., 2020)

uc = gT ; (Equation 7)

where g is 2.3831011 radK�1s�1 for Al (Kaveh and Wiser, 1984) and T the temperature. Note that the elec-

tron-electron collision frequency is too small to be considered (Radue et al., 2018), and the electron-

phonon collision frequency is dominated by temperature merely. The resonance frequency uul described

in Equation 6 is related to interband transitions and is pressure-dependent. In the calculation on pressure-

dependent R, we, therefore, set the uc as a constant (7.14 3 1013 rad/s) (Kaveh and Wiser, 1984). The rela-

tionship between R and pressure can be concluded as: 1) R is a function of the dielectric function

(Equation 3); 2) Dielectric function includes intraband transitions (Equation 4) and interband transitions

(Equation 6); 3) Intraband transitions are pressure-independent and uul invoving interband transitions is

pressure-dependent. Hence, on the basis of Equations (3)–(7), we can obtain the relationship between R

and pressure.

To clarify the relationship of dR/dT with pressure, photon energy, and temperature due to interband tran-

sitions, we propose a quantum mechanical approach on the basis of the optical transition theory (Rosei,

1974), and it is utilized and reiterated below:

eb2
�
p; Zu; T

�
=
8p2e2Z4

3m2

jPj2
ðZuÞ2J

0
ul

�
p; Zu; T

�
(Equation 8)

ffiffiffiffiffiffiffi
3

p

J0

ul

�
p; Zu; T

�
=

m

4p2Z3
�
1� F

�
Zu�DEul

�
p
�
;T
��

=

ffiffiffiffiffiffiffi
m3

p

4p2Z3

"
1� 1

e
ðZu�DEulðpÞÞ

kBT + 1

#
;

(Equation 9)

where P is the momentum-matrix-element which is assumed constant for each transition and m the effec-

tivemass of the electron (Smith, 1971).J0
ulðp; Zu;TÞ is weighted joint-density-of states for an interband tran-

sition terminating at the Fermi energy. DEul = Eu-El is the energy difference between the upper and lower

bands and is a function of pressure, Zu the photon energy of the probe beam, and kB the Boltzmann
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constant. On the basis of Equation (9), we found that the imaginary part of the dielectric function involving

interband transitions was directly proportional to the Fermi distribution of unoccupied states and inversely

proportional to the photon energy of the probe beam. With adopting the Kramers-Kronig relations (Ehren-

reich et al., 1963), we obtained the real part of dielectric function due to interband transitions,

eb1
�
Zu;T ;p

�
=
2

p

Z N

0

Zu0eb2
�
p; Zu0; T

�
ðZu0Þ2 � ðZuÞ2 dZu

0; (Equation 10)

where u0 is a virtual integral variable and the Equation (10) can be numerically integrated once eb2 is deter-

mined. Temperature induced the change of the R can be expressed linearly as

dR

dT
z

DR

DT
=

�
vR

ve1

�
De1
DT

+

�
vR

ve2

�
De2
DT

; (Equation 11)

and when DT is small enough, the change of real and imaginary parts of the complex dielectric constant is

given by

De1 =Def1 +Deb1 ;

De2 =Def2 +Deb2 :
(Equation 12)

Therefore, the change of the imaginary part of the dielectric constant involving interband transitions can be

expressed as

Deb2
�
p; Zu;T

�
DT

=
8p2e2Z4

3m2

jPj2
ðZuÞ2

vJ0
lu

�
p; Zu;T

�
vT

; (Equation 13)

and the change of the real part of the dielectric constant was calculated by the Kramers-Kronig relations.

According to Equations 8–13 and the Kramers-Kronig relations, we can obtain the complex expression of

dR/dT involving DEulðpÞ, Zu, and T. In this work, our experiment is performed at room temperature and

fixed photon energy (1.58 eV), therefore, p is the only key factor to affect DEul, which makes dR/dT exhibit

a pressure dependent behavior.

In order tomake the relationship between dR/dT and pressure clearer, we conclude this relationship as: the

weighted JDOS J0
ul is directly related to the band difference DEul, which is a function of pressure

(Equation 9). Then we can obtain the pressure-dependent eb2 (Equation 8) as well as Deb2 (Equation 13),

and with the Kramers-Kronig relations using, pressure-dependent eb1 and Deb1 are calculated. Hence, on

the basis of the Equation 11, we can obtain the relationship between dR/dT and the externally applied

pressure.
First-principles calculations

To determine DEul, which makes the R and dR/dT of Al exhibit pressure dependent behaviors, we calcu-

lated the band structure of Al from ambient pressure to 25 GPa using first-principles calculations. We first

performed the structural optimization of Al, within the framework of density functional theory using Per-

dew–Burke–Ernzerhof (PBE) exchange correlation functional (Perdew et al., 1996) as implemented in

Vienna ab initio simulation package (VASP) (Kresse and Furthmüller, 1996). For the plane wave expansion

in reciprocal space, we set 400 eV as the kinetic energy cutoff value, and the energy convergence threshold

for the total energy difference between two successive self-consistency steps is 10�8 eV. The k-mesh em-

ployed in the first Brillouin zone was 22 3 22322, generated by a G-centered method. The geometrical

structure was fully relaxed until all atomic forces less than 10�5 eVÅ�1. While an external pressure was

applied to the unit cell, the lattice constants reduced isotropically and the positions of Al atoms in it shifted

in order to guarantee the electronic potential of the new structure to balance the external pressure on the

boundary. We then calculated the pressure-dependent band structure using the above optimized unit cell,

and the Brillouin zone path was set as G-X-W-L-G-K-X.
QUANTIFICATION AND STATISTICAL ANALYSIS

Each experimental value of R and dR/dT of this work shown in Figures 2, 3 and 5 of the main manuscript

corresponds to the average value obtained from multiple measurements at a given pressure and the error

are the root-mean-square error.
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