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Abstract

Jahn-Teller distortion commonly exists  in Cu-containing complex oxides

and remarkably changes the electronic property. However, how it functions to

pressure  in  high-entropy  oxides  (HEOs)  remains  unknown.  Here  we  studied

pressure  engineering  on  quenching  the  Jahn-Teller  distortion  in  the

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO  and  its  effect  on  the  electronic  structure.

Synchrotron X-ray diffraction demonstrate  that  the local  structural  distortion

of the CuO6 octahedral sublattice in the rocksalt-type (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O

HEO is progressively reduced and the distorted structure evolves into a nearly

ideal form with increasing pressure up to 40 GPa. Alternating current impedance

and ultraviolet-visible absorption reveal a dramatic resistance drop by more than

3  orders  of  magnitude and  an  obvious  bandgap  decrease  of  ~0.1  eV,

accompanied by the pressure-induced quenching of the Jahn-Teller  distortion

in the (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO. Our study presents a high-pressure route for

tuning the local structural distortion and electronic structure of Cu-containing HEOs

for optimizing the materials functionality.
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HEOs is  one  type  of  recently  discovered  materials  made up of  five or  more

different  oxides  with  roughly  equal  atomic  ratio  in  compositions  in  a  single  solid

solution  phase,  inspired by the  synthesis  concept  of  high-entropy alloys1-5.  Several

types of  HEOs have been synthesized,  including rocksalt  type5,  CaF2 type6,  spinel

type7,  perovskite  type8 and  even  amorphous  type9.  Considerable  experimental  and

theoretical  efforts  have been devoted  to  studying their  structural  stability  and rich

variety of physical properties that are promising for novel applications in a broad range

of fields. Colossal dielectric constant has been observed in HEOs at a wide frequency

regime,  which  is  desired  for  large-k  dielectric  material10.  Superionic  lithium  and

sodium conductivity have also been observed in lithium or sodium doped HEOs11,12,

making them competitive candidates as electrolyte materials in lithium and sodium

batteries.

Rocksalt-type HEOs is  the first  synthesized type of HEOs and have attracted

extensive  scientific  interest.  At  ambient  conditions,  they  crystallize  into  a  Fm-3m

structure  with  metal  cations  randomly  distributed  on  the  4a  position  and  oxygen

anions occupied the 4b position of the face-centered cubic lattice5. Each metal cation

is  six-coordinated  by  oxygen  anions  to  form a  metal-O6 octahedra,  which  further

connects through edge-sharing and extends into a three-dimensional structure. In some

Cu-containing rocksalt-type HEOs, such as  Mg0.2Ni0.2Co0.2Zn0.2  Cu0.2O, the CuO6

octahedra  is  usually  distorted  due  to  the  Jahn-Teller effect6,13-16.  Such structural

distortion is highly sensitive to the synthesis and quenching conditions16. While the

local structural distortion does not change the lattice symmetry, the relative intensities
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of  diffraction  peaks  are  obviously  changed.  For  instance,  for  rocksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO  without  distortion,  (200)  diffraction  peak  is  the

strongest and the intensity ratio of (111) and (200) peaks (I111/I200) is about 0.67  16.

Jahn-Teller distortion of the CuO6 octahedra will cause the (111) diffraction peak to

be the strongest (I111/I200 > 1)16. The full widths at half maximum (FWHM) of (111)

and  (200)  peaks  are  also  found  to  be  different.  Furthermore,  the  local  structural

distortion  also dramatically changes  the  mechanical  and  physical  properties  of

HEOs10,13.

Pressure has been proven to be an effective approach to tune atomic distances,

providing  an  alternative  degree  of  freedom  to  optimize/design  desired  phases  in

HEOs.  Recently,  pressure-driven  lattice  distortion  have  been  reported  in  the

ideal  rocksalt-type  (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  and  (Ce0.2La0.2Pr0.2Sm0.2Y0.2)O2−δ

HEOs without distortion17,18.  While  a  few high-pressure  studies  focused  on the

structural  stability  and  compressibility  of  HEOs  in  an  ideal  rocksalt-type

structure17-19, how compression tunes the local structural distortion caused by

the  Jahn-Teller effect in  Cu-containing  HEOs  is  less  studied.  Moreover,  Jahn-

Teller distortion can significantly change the electronic structure of CuO6 sublattice20-

23.  Normally, the  d9 electronic configuration of Cu gives three electrons in the two

degenerate  eg orbitals  and  causes  a  doubly  degenerated  ground  state23.  Jahn-Teller

effect will break these orbital degeneracies and localize the eg electrons. How will the

electronic structure be tuned when the Jahn-Teller distortion in Cu-containing HEOs is

quenched?  Hence,  pressure  engineering  of  the  Jahn-Teller  distortion  and  its
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relation to the electronic structure of Cu-containing HEOs represent an unexplored

project.

In this work, we studied how compression tunes the Jahn-Teller distortion and the

electronic  structure  of  Mg0.2Ni0.2Co0.2Zn0.2  Cu0.2O  HEO  using  synchrotron  X-ray

diffraction (XRD),  alternating current (AC) impedance and ultraviolet-visible (UV-

Vis) absorption measurements. With application of pressure up to 40 GPa, the Jahn-

Teller  distortion  of  CuO6 octahedral  sublattice  in  the  rocksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO is  progressively  reduced  and  the  distorted

structure  evolves  into  a  nearly  ideal  form,  accompanied  by  pronounced

electrical resistance and optical bandgap decreases.

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO was synthesized using the previously reported

solid-state reaction method5,19. Element mapping results obtained from the scanning

electron microscopy (Figure 1(a)) show that all the elements are uniformly distributed.

We studied the structural evolution of (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO as a function

of pressure up to 39.8 GPa at room temperature in a symmetric diamond anvil cell

with Boehler-type diamonds (Figure 1(b)). At 2.9 GPa, the diffraction pattern can be

well indexed into a rocksalt-type structure (Fm-3m symmetry) with lattice parameter a

= 4.223 ± 0.004 Å, comparable with previous result24. With applying the pressure up

to 39.8 GPa, all the diffraction peaks shift to higher diffraction angles, and no new

peak  appears  in  the  entire  compression  process,  indicating  that

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO  is  stable  at  high  pressure.  The  unit  cell  volume

decreases smoothly with pressure without any collapse up to 39.8 GPa. By fitting the
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pressure-volume curve with a third-order Birch-Murnaghan equation of state, a bulk

modulus of 166.8 GPa with the pressure derivative of 4.2 is obtained, comparable with

previous study on ideal rocksalt-type (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO17.

An  interesting  observation  is  that  while  the  (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO

remains  in  the  rocksalt-type  Fm-3m structure,  the  relative  peak  intensities  vary

dramatically with pressure. At 2.9 GPa, the relative intensities of the diffraction peaks

obviously deviate from the simulated pattern of an ideal rocksalt-type structure with a

random distribution of the metal cations on the 4a position of face-centered cubic

lattice (blue line in the bottom of Figure 1), and the previously reported XRD of an

ideal rocksalt-type (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO17. Instead of the (200) diffraction

peak in the simulated pattern,  the (111)  peak is  the strongest  in our experimental

results. With further compression up to above 21.9 GPa, the (200) peak becomes the

strongest and the diffraction patterns are consistent with the simulated pattern of an

ideal rocksalt-type structure. The intensity deviation at 2.9 GPa is anomalous. All the

elements are uniformly distributed in the studied samples (Figure 1(a)), thus ruling out

inhomogeneous distribution of the metal cations as being the cause. Furthermore, the

relative intensities evolves significantly with pressure, indicating that it is an intrinsic

behavior of (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO, rather than a result of possible unequal

atomic  ratio  in  compositions  because  which  keeps  invariant  with  pressure.  The

observed difference in the relative peak intensities is consistent with previous studies

on (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO16, in which the Jahn-Teller distortion was found to

play a key role in the intensity deviation, indicating that the Jahn-Teller distortion is
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the case for our study.

We performed quantitative analysis of the peak intensity and FWHM ratios to

study  the  evolution  of  the  Jahn-Teller  distortion  in  the  distorted  rocksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O as function of pressure. The intensity and FWHM ratios of

the (111) and (200) peaks, I111/I200 and FWHM111/FWHM200, are shown in Figure 2. At

2.9 GPa, I111/I200 is about 1.6, much higher than ~0.67, the value for an ideal rocksalt-

type (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO with the metal cations randomly distributed on

the 4a position of face-centered cubic lattice. With continuous compression,  I111/I200

drops obviously and eventually approaches to 0.67 at ~39.8 GPa. This indicates that

pressure drives the Jahn-Teller distortion in the (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO to be

quenched  and  the  distorted  structure  evolves  into  a  nearly  ideal  form.  The

FWHM111/FWHM200 also  support  the  evolution  of  local  structure.  At  2.9  GPa,

FWHM111/FWHM200 is about 0.44, that is, the width of the (111) diffraction peak is

much smaller than that of the (200) peak, similar to previous results on a distorted

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO16.  With  further  compression,  FWHM111/FWHM200

increases,  and  eventually  approaches  to  1,  the  value  for  an  ideal  rocksalt-type

structure.

AC impedance spectra measurements were carried out to study the evolution of

electronic  structure  in  the  distorted  rocksalt-type  (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO

during  the  process  of  pressure-induced  quenching  of  the  Jahn-Teller  distortion.

Figure  3(a)  and  (b)  present  the  Z  ʺ vs. Zʹ impedance  results  of

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO as a function of pressure up to 42.7 GPa. Only  one
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arc that relates to the grain relaxation process is observed in the entire compression

process, which collapses dramatically with increasing pressure. To quantitatively track

the  change  of  electrical  transport  properties  in  the  distorted  rocksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO, a commonly used equivalent circuit shown in the

inset of Figure 3(c) was used to simulate the grain relaxation process and extract the

grain  resistances.  An obvious  break in  the  trend  is  observed  before  and after  the

critical pressure of ~21.2 GPa, where the intensity ratio I111/I200 is approaching to 1.0.

Below ~21.2 GPa (I111/I200 > 1, i.e., the (111) diffraction peak is the strongest), the

resistance of (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO varies smoothly with pressure. Above

~21.2 GPa (I111/I200 < 1, i.e., the (200) diffraction peak is the strongest), the resistance

drops sharply by more than three orders of magnitude up to 42.7 GPa, indicating a

pressure-induced bandgap decrease.

UV-Vis absorption confirm the bandgap decrease in the distorted rocaksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO under compression. With application of pressure, the

absorbance spectrum remains nearly invariant up to 19.3 GPa, followed by an obvious

decrease at high energy regime (2.4 – 3.0 eV) with further compression. An obvious

absorption edge can be observed at 1.8 – 2.2 eV in all the absorbance spectra (Figure

4), indicating that (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO has a direct bandgap. The value of

the direct bandgap can be estimated from the Tauc plot25: 

(A·E)2 ~ E-Eg

where  A and  E are the absorbance of sample and incident energy, respectively. By

fitting the linear regime of the (A·E)2 vs E curve and extrapolating the line to (A·E)2 =
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0, the Eg value of (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO can be determined (upper inset of

Figure 4). At 1.7 GPa, (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO has a direct bandgap of 1.91

eV.  The  bandgap  is   pressure-independent  up  to  19.3  GPa,  beyond  which  a

pronounced drop is observed with further compression up to 42.3 GPa. The variation

trend  of  bandgap  is  consistent  with  that  of  the  resistance  of  the

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO.  Typically,  bandgap  decrease  makes  it  easier  for

charge carrier transition from valence band maximum to conduction band minimum,

and consequently decreases the resistance.

Both the grain resistances and optical bandgaps of the distorted rocksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO show an obvious transition at ~20 GPa, where the

intensity ratio of the (111) and (200) peaks changes from I111/I200 > 1 to  I111/I200 <1,

suggesting that they are closely related. As discussed in previous studies16,21,  Jahn-

Teller distortion breaks the orbital degeneracies and localizes the  eg electrons of Cu.

Under  compression,  the  distorted  CuO6 octahedra  in  the  rocksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO  evolves  into  a  less  distorted  state  and  drives  the

delocalization of eg electrons. Below the critical pressure, such as ~20 GPa in distorted

rocksalt-type (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO, the pressure-induced quenching of the

Jahn-Teller distortion is not enough and the eg electrons is not sufficiently delocalized,

hence,  the  grain  resistances  and  optical  bandgaps  are  pressure-independent.  With

continuous  compression  to  above  ~20  GPa,  the  Jahn-Teller  distortion  is  further

suppressed, and the distorted structure progressively evolves into a nearly ideal cubic

form,  driving  the  eg electrons  become  more  delocalized.  Consequently,  the  grain
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resistances and optical bandgaps show a pronounced drop. Similar transition has also

been observed in transition-metal oxide perovskites21,26-28, although whether the

Jahn-Teller distortion is fully suppressed at high pressure is still under debate.

In  summary,  by  combing  the  XRD,  AC  impedance  and  UV-Vis  absorption

measurements,  we  studied  the  pressure  engineering  of  quenching  the  Jahn-Teller

distortion in the rocksalt-type (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO, and its relation to

the electronic structure. With application of pressure up to 40 GPa,  the Jahn-Teller

distortion  in  the  rocksalt-type  (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO is  progressively

reduced  and  the  distorted  structure  evolves  into  a  nearly  ideal  form.  The

quenching of local  structural distortion gives  rise  to a pronounced resistance

drop  by  more  than  3  orders  of  magnitude.  Distorted  rocksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO is a semiconductor with direct bandgap of ~1.91 eV,

and the bandgap decreases to ~1.8 eV at 42.3 GPa following effective quenching

of  the  local  structural  distortion.  Our  study  presents  a  high-pressure  route  for

tuning the Jahn-Teller distortion and electronic structure of Cu-containing HEOs for

designing desired phases with improved materials functionality.

Experimental Section

Sample  synthesis.  (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO  was  synthesized  using  the

previously reported solid-state reaction method5,19. Solid MgO, CoO, NiO, CuO, and

ZnO powders were mixed with an equal  atomic ratio in  compositions  in  an agate

mortar and then ground for 6 h to make the oxides mixed uniformly and randomly.
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The well-mixed powders were then compressed into a sheet with diameter of ∼10 mm

and thickness of  ∼1 mm using a hydraulic pressor to 300 MPa. The sheet was then

heated up to 1100 °C in air for 3 h using a tube furnace, followed by quenching to

room  temperature  in  air  by  tuning  off  the  tube  furnace.  Black

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO powders were then obtained.

XRD  measurements.  High-pressure  XRD  measurements  were  conducted  at  the

beamline  12.2.2  of  Advanced  Light  Source  (ALS),  Lawrence  Berkeley  National

Laboratory (LBNL) and Cornell High Energy Synchrotron Source (CHESS) with the

X-ray wavelengths of 0.4959 Å and 0.4859 Å, respectively. MAR345 image plate was

used to collect the diffraction patterns. The obtained two-dimensional (2D) images

were  then  integrated  to  intensity  vs  diffraction  angle  (2θ)  data  using  the  Dioptas

software29.  Powdered (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO samples,  along with a small

ruby  ball  (~5  μm in  diameter)  as  pressure  calibrant  were  loaded  into  a  150-μm-

diameter  sample  chamber  and  compressed  using  a  300-μm  culet  (Boehler-type

diamond) symmetric diamond anvil cell. Methanol-ethanol (4:1) was loaded as the

pressure-transmitting medium. The peak intensities and FWHM were analyzed using

the Lorenz function in the Origin software.

AC  impedance  measurements.  High-pressure  AC  impedance  measurements  were

performed by applying an AC voltage signal,  U(ω,t)=U0cos(ω,t), to the samples, and

then detecting the response current signal on the samples,  I(ω,t)=I0cos(ω,t–γ)30. The
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impedance was then calculated by Z* = U/I = Zʹ + iZʺ. A two-electrodes configuration

was used in our experiments. To insulate the metal gasket with the probing electrodes,

an insulating cubic born nitride (c-BN) layers was prepared on the gasket by31: pre-

indenting an T301 steel gasket to 40 um in thickness; drilling a 200-um hole in the

center of the pre-indented area; pressing pre-mixed c-BN and epoxy powders (10:1 in

weight) into the pre-indented area; and drilling a new 100-um hole in the center as

sample chamber. No pressure-transmitting medium was loaded to make good contacts

with  the  samples.  A  frequency  range  from 0.01  Hz  to  10  MHz was  set  using  a

computer-controlled impedance analyzer (Solartron 1260) and a dielectric interface

(Solartron 1296). A voltage signal with amplitude of 0.2 V was applied to the samples.

UV-Vis  absorption  measurements.  High-pressure  UV-Vis  absorption  measurements

were conducted on a customized UV-Vis microscope system with a photon energy of

1.4 - 4.9 eV32. IIa-type diamond anvils were used in our absorption measurements.

KBr was used as the pressure-transmitting medium. To subtract the background from

diamond and pressure-transmitting medium, the transmittance of sample was obtained

by  two  measurements,  one  being  through  the  sample  and  the  other  through  the

pressure-transmitting medium beside the sample.
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Figure 1. (a) Element mapping of distorted rocksalt-type (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O

HEO obtained from the scanning electron microscope. (b) XRD patterns of distorted

rocksalt-type  (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO at  representative pressures  showing

the  structural  stability.  (c)  pressure  dependence  of  unit  cell  volume  of

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO.  The  black  solid  cycles  and  red  line  are  the

experimental  data  and  fitted  curve  based  on  the  third-order  Birch−Murnaghan

equation of state, respectively. 
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Figure  2.  Intensity  and FWHM ratios  of  the (111)  and (200)  diffraction peaks  of

distorted  rocksalt-type  (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO,  I111/I200 and

FWHM111/FWHM200, as a function of pressure. The dashed line are the values for an

ideal rocksalt-type (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO with a random distribution of the

cations on the 4a position of face-centered cubic lattice. The error bars are from the

fitting uncertainty of peak intensities and FWHM.
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Figure  3.  (a)-(b)  Impedance  spectra  of  distorted  rocksalt-type

(Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O HEO under  compression.  (c)  The grain  resistance  as  a

function of pressure obtained by fitting the Zʹ – Zʺ plots using the equivalent circuit in

the inset.

19



Figure  4.  Absorbance  of  distorted  rocksalt-type  (Mg0.2Ni0.2Co0.2Zn0.2Cu0.2)O  HEO

under compression. The upper inset presents the (A·E)2 vs  E curves at 1.7 and 42.3

GPa for bandgap fitting. The bottom inset shows the evolution of direct bandgap as a

function of pressure.
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