Solid State Sciences 80 (2018) 92—100

journal homepage: www.elsevier.com/locate/ssscie

Contents lists available at ScienceDirect

Solid State Sciences

Electronic Topological Transitions in CuNiMnAl and CuNiMnSn under

pressure from first principles study

P. Rambabu * ", V. Kanchana *~

Check for
updates

2 Department of Physics, Indian Institute of Technology Hyderabad, Kandi, Sangareddy 502 285, Telangana, India
b Department of Pure and Applied Physics, Guru Ghasidas Vishwavidyalaya, Koni, Bilaspur 495 009, Chhattisgarh, India

ARTICLE INFO ABSTRACT

Article history:

Received 29 January 2018
Received in revised form

15 March 2018

Accepted 30 March 2018
Available online 4 April 2018

A detailed study on quaternary ordered full Heusler alloys CuNiMnAl and CuNiMnSn at ambient and
under different compressions is presented using first principles electronic structure calculations. Both
the compounds are found to possess ferromagnetic nature at ambient with magnetic moment of Mn
being 3.14 up and 3.35 up respectively in CuNiMnAl and CuNiMnSn. The total magnetic moment for both
the compounds is found to decrease under compression. Fermi surface (FS) topology change is observed

in both compounds under pressure at V/Vp = 0.90, further leading to Electronic Topological Transitions
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(ETTs) and is evidenced by the anomalies visualized in density of states and elastic constants under
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1. Introduction

Ever since the discovery of Heusler compounds, a continuous
growing interest is observed among researchers because of their
applications in spintronics [1—4], data storage, spin valves [5],
magnetic tunnel junctions [6—8], optoelectronics [9], supercon-
ductivity [10—12], shape memory alloys [13] and thermoelectrics
[14—16] etc. These Heusler compounds are ternary inter-metallic
compounds, having two transition metals and one main group
element. These compounds can be divided into two groups: namely
ternary and quaternary alloys. The ternary Heusler alloys again can
be classified into two families, full ternary X,YZ and half ternary
XYZ (X and Y are transition-metal elements, Z is sp element) alloys.
The quaternary Heusler alloys have general formula XX'YZ which is
generated by substituting one of the two X atoms in full ternary
Heusler alloys X,YZ by a different transition metal X’ [17] atom.

Since both the compounds CuNiMnAl and CuNiMnSn under
study are metals [18], it is very important to understand their Fermi
surface characteristics at ambient as well as under compression and
their corresponding Electronic Topological Transitions (ETT), if any.
The Fermi surface (FS) of a metal is an important tool to understand
various properties of a metallic material such as structural transi-
tion, elasticc magnetic properties etc. The geometrical
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characteristics of Fermi surface, such as the shape, curvature, and
cross-sectional area are related to the physical properties of metals.
In general, the ETTs are very well explained by Fermi surface to-
pology. The connectivity of the Fermi surfaces can change at some
particular points due to the variation of thermal, static or chemical
pressure, due to which there would be an anomalous behavior in
thermodynamic, elastic and transport properties, which was
pointed out first time by Lifshitz [ 19]. The change in FS connectivity
is may be due to opening up or closing of electron or hole pockets,
or due to the formation or pinching off of a neck [20] and one of
these changes leads to ETTs. The ETTs could be achieved by
changing the electron per atom ratio, by alloying, or by applying
pressure or uniaxial stress [21]. In magnetic hcp-Co [22], the au-
thors studied Fermi surface topology under pressure and observed
hcp-Co to become non-magnetic at 180 GPa with a series of ETTs
under different pressures. Especially at 80 GPa, there is a transition
which results in a large increase in DOS at Fermi level and it is the
reason for the anomalies in various elastic properties at that pres-
sure. Recently, in antiferromagnetic Zr,TiAl [23] the authors also
observed three ETTs at V/Vp = 0.96, 0.92 and 0.85, due to which a
sudden drop in the magnetic moment of Ti atom is observed under
compression and they also observed a magnetic to non-magnetic
phase transition under compression due to the disappearance of
the Ti magnetic moment, which tends to zero at V/Vo=0.75
(46 GPa). In non-magnetic Nb-based [24] A-15 compounds NbsX
(X=Al Ga, In, Ge, and Sn), the authors predicted ETTs at different
compressions in all the compounds.
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The Ni-Mn based high entropy Heusler alloys have been
extensively investigated in search of efficient magnetic refrigerant
materials because of their high magnetic entropy change, wide
operating temperature window, low hysteresis loss and high me-
chanical stability [25]. Equiatomic compositions maximize the
configurational entropy of random solid solutions [26] and both
compounds in the present study are equiatomic in nature. The high
entropy quaternary full Heusler alloys CuNiMnAl and CuNiMnSn,
prepared by Aron-Dine et al. [18], are found to exhibit LiMgPdSn-
type L2; structure and are ferromagnetic in nature. However, to
the best of our knowledge, no details regarding electronic structure,
magnetic nature, Fermi surface topology and mechanical stability
are available till now for these compounds at ambient and under
pressure. Our main goal in this paper is to investigate elastic, Fermi
surface topology of both the compounds at ground state as well as
under compression using first principles approach. Though no
phase transition from magnetic to non-magnetic phase is observed
in both compounds, ETTs are clearly seen from Fermi surface
studies under compression.

2. Computational details

Self consistent FP-LAPW spin polarized calculations as imple-
mented in WIEN2K [27] package were carried out on both
CuNiMnAl and CuNiMnSn compounds to solve the Kohn-Sham
equations. The PBE-GGA [28] (Perdew-Burke-Ernzerhof parame-
trization of the generalized gradient approximation) was used for
the exchange correlation potential. The matrix size (convergence) is
determined by Ry *Kmaex and it was set to 7 and Gpqx Was set to a
value of 12 here. The muffin-tin sphere radii used in the calcula-
tions for Cu, Ni, Mn, Al and Sn respectively were 2.15 a.u., 2.1 a.u,,
2.0 a.u,, 1.95 a.u. and 2.25 a.u. The convergence criteria for energy
was set as 107> Ry. The special k-points in the Irreducible Brillouin
Zone (IBZ) were 4000 according to Monkhorst-Pack scheme [29].
Tetrahedron method [30] was used to integrate the Brillouin zone.
All Fermi surface calculations were done with 44x44x44 k-mesh in
order to get smoother Fermi surfaces. The equilibrium lattice con-
stant for the studied compounds was obtained using Birch-
Murnaghan [31] equation of state to fit the total energies as a
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3. Results and discussions
3.1. Ground state and magnetic properties

The compounds CuNiMnAl and CuNiMnSn, are found to have
space group F43m (No. 216) with atomic positions of Cu, Ni, Mn and
Al/SnatA(0,0,0),B(1/2,1/2,1/2),C(1/4,1/4,1/4)and D (3/4,3/4,3/
4) respectively. To confirm the ground state of the investigated
compounds, we have optimized the compounds in non-magnetic
(NM), ferromagnetic (FM) and ferrimagnetic (FRM) cases and the
optimized curves are plotted in Fig. 1. The optimized lattice pa-
rameters are given in Table 1 for both the compounds along with
experimental and other theory values and found that our results
are in acceptable range. It can be seen that at low volume (high
pressure), the energy difference between FM and NM curves de-
creases for both the compounds implying the reduced magnetic
moment with increasing compression (pressure). The energy dif-
ference AE between FM and FRM states is 0.042 Ry for CuNiMnAl
and for CuNiMnSn case the difference surprisingly becomes 0.0 Ry
indicating that both FM and FRM states are competing with each
other in this compound. From the optimized plots, it is confirmed
that CuNiMnAl is found to have ferromagnetic ground state.
Though the FM and FRM states are competing with each other in
CuNiMnSn, from the observed magnetic moments, it is expected
that CuNiMnSn might possess a stable ferromagnetic ground state.
The calculated total magnetic moment of the present compounds is
found to be 3.626 and 3.811 up for CuNiMnAl and CuNiMnSn
respectively, indicating these compounds to possess almost similar
magnetic properties. The calculated magnetic moments for indi-
vidual atoms for both the compounds are shown in Table 2.

The calculated band structure and Fermi surface (FS) plots at
ambient (at V/Vp=1.00) in both majority and minority spin cases
are given in Fig. 2 for CuNiMnAl and in Fig. 3 for CuNiMnSn. From
the overall observation of band structure, majority spin bands are
found to be almost similar in both the compounds and minority
spins also follow the same similarity. In CuNiMnAl, three bands are

Table 1
Calculated lattice parameters given in A along with experimental and theoretical
data.

R . . Compounds Expt Theoretical Present work
function of primitive cell volume. The elastic constants were -
calculated using the method [32] provided by Morteza Jamal et al. CuNiMnAl 5.89[18] 5.86 [18] 5.84
as implemented in Wien2K. CuNiMnSn 6.08 [18] 6.02 [18] 6.12
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Fig. 1. Calculated total energy versus volume for nonmagnetic (NM), ferromagnetic (FM) and ferrimagnetic (FRM) states for (a) CuNiMnAl and (b) CuNiMnSn compounds.
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Table 2
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Magnetic moments of individual atoms for CuNiMnAl and CuNiMnSn in ferromagnetic (FM) and ferrimagnetic (FRM) configurations. Magnetic moments are given in Bohr

magneton (ug).
Cu Ni Mn Al/Sn Interstitial Total/cell
CuNiMnAl FM 0.04906 0.33866 3.14273 —-0.03700 0.13250 3.62594
FRM 0.04910 0.33868 3.14295 —-0.03700 0.13235 3.62609
CuNiMnSn FM 0.02284 0.23761 335132 —0.03084 0.23048 3.81142
FRM 0.02290 0.23766 3.35129 —0.03081 0.23040 3.81145

found to cross the Fermi level (Ef) in both the spin cases and
correspondingly we have three FS's for each spin and are given in
Fig. 2. In majority spin case of CuNiMnAl (from Fig. 2 (a)), first band
is found to cross from valence band to conduction band at T’
resulting in a hole natured spherical FS at the same point as shown
in Fig. 2 (c). Remaining two bands in majority spin are found to
cross from conduction band to valence band and have electron
nature as shown in Fig. 2 (d and e). In the minority spin case of
CuNiMnAl (from Fig. 2 (b)), we found two bands to cross Ef at L
point from valence to conduction band indicating hole nature and
the other remaining band is found to cross Er at X point from
conduction band to valence band indicating electron nature as
shown in Fig. 2 (f, g, h). These bands at X and L have states

contributed from Ni-d, and Mn — d,g respectively. In the case of
CuNiMnSn (Fig. 3), the majority spin band structure and FS scenario
is same as CuNiMnAl majority spin but in minority spin case, we
have only one band to cross the Erat X point and the corresponding
FS is shown in Fig. 3 (f). This band is attributed to Ni-d,, contri-
bution. The Brillouin Zone with high symmetry points for both
compounds is shown in Fig. 3 (g).

To explore further, we have calculated total and atom projected
density of states (DOS) for both the compounds at V/Vy=1.00 and
are plotted in Fig. 4. The DOS of majority spin channel for CuNiMnAl
near Er is mainly contributed by Mn-d,¢; and Ni-d,g orbitals and
the DOS of minority spin channel for CuNiMnAl near Er has similar
contribution which can be seen from Fig. 4 (a). From Fig. 4 (a), it can
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Fig. 2. Band structure of CuNiMnAl (a) majority spin and (b) minority spin case at V/Vo=1.00 and their Fermi surface in majority spin (c, d, e) and minority spin (f, g, h) cases.
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Fig. 3. Band structure of CuNiMnSn (a) majority spin and (b) minority spin case at V/Vo=1.00 and their Fermi surface in majority spin (c, d, e) and minority spin (f) cases. The

Brillouin Zone with High symmetry points is given in (g).

be seen that the bonding between Mn and Ni atoms may be
stronger indicating that the Heisenberg's exchange coupling
strength may be stronger between them which is to be confirmed.
For CuNiMnSn, the DOS of majority spin channel near Er is mainly
contributed by Ni-d,g and Mn-d;,¢ orbitals and for minority spin
channel, the DOS near Ef is mainly contributed by Mn-d;,g and Ni-
de, orbitals as shown in Fig. 4 (b). From Fig. 4 (b), it is clear that the
interaction between Mn and Ni atoms is not as stronger as in the
case of CuNiMnAl compound and hence its Mn-Ni exchange
strength may be weaker compared to CuNiMnAl, and Mn-Mn
interaction may be dominating which need to be verified from
exchange interaction calculations. The contribution from s and p-
orbitals near Ef is almost negligible for both the compounds and
hence they are not shown in the graphs.

To understand the charge flow, Bader charge analysis for the

constituent atoms is done at ambient and under compression for
both compounds. The Pauling electro negativity values for Cu, Ni,
Mn, Al and Sn are 1.90, 1.91, 1.55, 1.61 and 1.96 respectively. Since
the elements with higher electro negativity attract the charge from
lower ones, there is a possibility of charge transfer from (Mn, Al) to
(Cu, Ni) in CuNiMnAl which can be clearly seen from Table 3. Also,
there is a possibility of charge transfer from Mn to (Cu, Ni) in
CuNiMnSn which can be seen from Table 3. The Bader charge on Mn
and Al respectively are 0.39e and 1.51e which lose charge and are
accepted by Cu and Ni which are having Bader charge of -0.83e and
-1.07e respectively at V/Vg = 1.00 in CuNiMnAIl compound. Also for
CuNiMnSn, the Bader charge for Mn and Sn are 0.45e and 0.30e
respectively which loose their charge and this charge is accepted by
Cu and Ni which have Bader charge of -0.28e and -0.48e respec-
tively at V/Vo = 1.00.
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Fig. 4. Density of States of (a) CuNiMnAl and (b) CuNiMnSn compounds.

Table 3
Calculated Bader charge analysis for CuNiMnAl and CuNiMnSn for different V/Vq
ratios. The charge is in the units of electronic charge e.

CuNiMnAl CuNiMnSn
V/Vo Cu Ni Mn Al Cu Ni Mn Sn
1.00 -0.83 -1.07 039 1.51 -0.28 -048 045 0.30
0.95 -0.89 -1.15 0.37 1.67 -0.29 -049 044 034

0.90 -0.94 -1.21 0.34 1.81 -0.29 —0.51 0.42 0.39
0.85 -0.98 -1.27 0.31 195 -0.30 —0.52 0.40 0.43
0.80 —-1.01 -1.32 0.26 2.07 —0.30 -054 038 0.46

3.2. Elastic properties

In order to ensure the mechanical stability, the elastic constants
Cjj of all the investigated compounds are calculated from which, one
can check the phase stability of the compounds and they also
provide an estimation of the strength and indirectly their melting
temperature. To the best of our knowledge, no information is
available on elastic constants for these compounds till now either
experimentally or theoretically and these results serve as predic-
tion for future studies. All the compounds in the present case are in
cubic phase and have three non-zero elastic constants Cq3, C12 and
Cy4 respectively. The calculated elastic constants at V/Vy = 1.00 for
both compounds satisfy the Born mechanical stability criteria [33]
i.e. C11>0, C44>0, Cq1 > Cq2 and Cq7 +2Cq2 >0, indicating all the
compounds to be mechanically stable. The elastic properties such
as Young's modulus (E), average shear modulus (G), Poisson's ratio
(o) and anisotropy factor (A) etc. are determined from Voigt-Reuss-
Hill approximation [34]. The relation between elastic moduli Cy;,
Cy2 and C44 and the other parameters are found elsewhere [35—37].

Since the average shear modulus (G) is a measure of resistance
to reversible deformations upon shear stress and represents the
resistance to plastic deformation, the hardness of the material can

be determined more accurately from G. The value of G is 52.55 GPa
for CuNiMnAl and 34.3 GPa for CuNiMnSn. The compounds are
found to be anisotropic since the anisotropic factor A is different
from unity. The Young's modulus E values are 140.19 and 94.67 GPa
for CuNiMnAl and CuNiMnSn respectively and indicate these ma-
terials to be stiffer. The ratio of lateral to longitudinal strain in
uniaxial tensile stress is known as Poisson's ratio [38] 'c’, which is a
measure of compressibility. The typical range of ¢ is 0.2—0.49 and is
around 0.3 for most of the materials. The Poisson's ratio '¢’ for both
the compounds varies in the range of 0.33—0.39. Further, Poisson’s
ratio also provides information about the characteristics of the
bonding forces. For central forces in solids, o lies within the range
0.25—0.5. Since o for both compounds lies in this limit, it demon-
strates that the inter-atomic forces in these compounds are central
forces. Since bulk modulus B represents the resistance to fracture,
while the shear modulus G represents the resistance to plastic
deformation, the Pugh's index of ductility [39] g will give the in-
formation of whether the material is ductile or brittle in nature
depending on the critical value 1.75. Present compounds are found
to be ductile in nature from the calculated Pugh's values. Also, if the
Poisson's ratio 'c’ is greater than 0.26, then the material is ductile,
otherwise it is brittle in nature. For both the compounds ¢ is greater
than 0.26 which is another indication that these materials are
ductile in nature. Another parameter which indicates the ductility
is Cauchy's pressure P, which is positive for both the compounds
demonstrating the present compounds to be ductile in nature. All
the elastic properties for both compounds at V/Vg = 1.00 are given
in Table 4. The Debye temperature is also an important parameter
which is closely related to many physical properties of a solid. It
actually distinguishes between high and low temperature regions
of a solid and can be directly determined from the mean sound
velocity. The Calculated Debye temperature values for both com-
pounds at V/Vy=1.00 are also given in the same Table 4.

4. Pressure effect

Effect of pressure is always an interesting phenomenon for a
physicist. In the present compounds also, we are interested to study
the behavior of the compounds under pressure. Here we have
applied uniform pressure up to V/Vo=0.80 with step size of V/
Vo=0.05. The calculated total magnetic moment is found to
decrease with applied uniform compression. The variation of
magnetic moment with V/Vy for both the compounds is studied
and the results are presented in Fig. 5. From Fig. 5, it is clear that the
total magnetic moment/cell is found to decrease under compres-
sion for both the compounds. The reason for this may be due to the

Table 4

Elastic properties of CuNiMnAl and CuNiMnSn at V[V = 1.00.
Parameter CuNiMnAl CuNiMnSn
C11 (GPa) 160.28 137.36
Ci2 (GPa) 130.93 128.47
Ca4 (GPa) 114.11 94.08
A 7.77 21.15
Gy (GPa) 74.34 58.22
G (GPa) 30.76 10.38
B (GPa) 140.71 131.43
G (GPa) 52.55 34.30
E (GPa) 140.19 94.67
B/G 2.68 3.83
[ 0.33 0.38
P.=Cy1 - —Ci2 29.35 8.89
V; (km/s) 11.15 9.08
V¢ (km/s) 5.57 3.99
Vi (km/s) 6.25 4.51
0p (K) 505.03 348.75
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Fig. 5. Variation of Magnetic moment of (a) CuNiMnAl and (b) CuNiMnSn compounds with V[V ratio.

broadening of Mn 3d-band and the non-sustainability for magnetic
polarization.

The change of Fermi surface topology under compression is
studied in majority and minority spin cases and is presented in
Fig. 6 and Fig. 7 respectively for both CuNiMnAl and CuNiMnSn
compounds. For CuNiMnAl under compression, the number of
bands that cross Fermi level in majority spin case do not change
while in minority spin case they are found to decrease from three to
one as V/Vy goes from 1.00 to 0.90. The corresponding FS topology
is shown in Fig. 6 in which the FS topology almost does not change
in majority spin case while it changes in minority spin case and the
changes can be seen for V/Vy = 0.90, where one can find only one
ES, since only one band crosses Fermi level at this compression for
CuNiMnAL This is more clear from the band structure and its cor-
responding FS topology for V[V = 0.90 case in minority spin case of
CuNiMnAl as presented in Fig. 8. Since the number of bands (or its
corresponding FSs) that cross the Fermi level drop from three to
one as V[Vy changes from 1.00 to 0.90 in minority case of

CuNiMnAl, one can say that there is an Electronic Topological
Transition (ETT) at V/Vp = 0.90. Further, as V[V goes down, the size
of the electron wave packet increases which can be seen for V/
Vo = 0.85, 0.80 cases from Fig. 6. For CuNiMnSn under compression,
the number bands that cross Fermi level is three in majority spin
case and they don't change with compression which is reflected
from Fig. 7, while only one band is found to cross at X point in
minority spin case and its corresponding FS can be seen from Fig. 7.
As V|V changes from 1.00 to 0.90, we find another band to cross at
K point in minority spin case at V/Vy = 0.90 and its FS can be seen in
Fig. 7. The arrow in Fig. 7 points out the evolution of electron wave
packet at K-point at V/Vp = 0.90. This is more clear from the band
structure and its corresponding FS topology for V/Vo = 0.90 case in
minority spin case of CuNiMnSn as presented in Fig. 9. Since the
number of bands (or its corresponding FSs) that cross Fermi level
increase from one to two as V[V goes from 1.00 to 0.90 in minority
case of CuNiMnSn, an ETT is reported at V/Vp = 0.90 as the opening
up or closing of the electron or hole packets under uniaxial stress

o B -
B -
OB -
OB -

L L

Fig. 6. Fermi surface of CuNiMnAl at different V/V, ratios for majority and minority spin cases.
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leads to ETTs. Again if V/Vy is further reduced, the size of the two
electron wave packets at X and K points increases as can be seen in
Fig. 7.

To know the effect of pressure on the density of states at Fermi
level, we have calculated the total and atom projected DOS under
compression for both the compounds and are presented in Fig. 10.
From this, the DOS varies monotonically in majority spin case
where as there is a non-monotonic variation in down-spin case in
both the compounds. This non-monotonic behavior is observed in
both compounds in minority spin cases at V/Vg = 0.90, where we
have observed the changes in the band and FS topology in both the
compounds which also supports the idea of ETT at V/Vp = 0.90 for
both compounds.

The Bader charges of all the constituent elements for both
compounds at different V[V ratios are shown in Table 3. As V|V
decreases, there is a continuous flow of charge from Mn to Ni in
CuNiMnAl compound and (Mn, Sn) loose more charge and may be
gained by Ni in CuNiMnSn compound as can be seen from Table 3.

To check the mechanically stable nature in the present com-
pounds, we have calculated the single crystalline elastic constants
under compression and are plotted in Fig. 11. It is observed that the
compounds are found to be mechanically stable up to the
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Fig. 11. Variation of elastic constants C; and shear modulus Cs.

compression studied. It is also observed that, the elastic constants
Cjj are found to increase under compression for both the com-
pounds, together with a softening in C44 around V/Vy = 0.90 in both
the compounds. In earlier reports, the authors [23] quoted in their
paper that the non linear behavior in the elastic shear modulus
Cs=(C11-C12)/2 leads to ETTs and the anomalies present in C; [40]
also lead to ETTs. Hence from the calculated value of Cs for both
CuNiMnAl and CuNiMnSn, one can find a non linear behavior under
compression in both the compounds especially at V/Vp=0.90,
again indicating the ETT at that particular V/Vp value in both
compounds.

5. Conclusions

The high entropy quaternary Heusler alloys CuNiMnAl and
CuNiMnSn are studied under compression theoretically through
DFT and are found to be ferromagnetic. The magnetic moment/cell
is found to decrease for both compounds under compression. The
mechanical stability of these compounds is confirmed through
elastic properties. The pressure effect on both compounds upto V/
Vo =0.80 is studied and the presence of Electronic Topological
Transitions (ETTs) at V/Vp=0.90 in both the compounds is evi-
denced through FS topology.
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