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Photoabsorption K Edge of Shock Compressed Aluminum
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The K-edge shift and the absorption profile of aluminum along the shock Hugoniot have been calcu-
lated using density functional methods taking account of finite temperature effects, lattice melting, and
liquid structure. Our first principles calculation is in good accord with available experiments.

PACS numbers: 78.70.Dm, 32.70.Jz, 52.25.Nr, 62.50.+p

Recent advances in experimental techniques provide a
probe for matter at extreme conditions of temperature
and pressure [1,2]. Such studies are important in plasma
physics, geophysics, astrophysics, and also as a testing
ground of basic physics. Although thermodynamic prop-
erties (e.g., along the shock Hugoniot) are well estab-
lished [3], the study of spectral properties, transport
properties, etc., are only just becoming available [4,5].
The positions of spectral /ines, unlike positions [6] of lev-
els, are obtainable by experiment. Line shifts are a com-
plex measure of many-body effects due to ions, electrons,
and photons. The usual theory of the line shape and shift
in low-density systems [7] is not suitable for dense plas-
mas where both electron-ion and ion-ion interactions are
important. There have been suggestions [8] that energy
levels remain unshifted for a large range of densities.
Also, a recent theory [9] uses statistically weighted un-
shifted energy levels to construct partition functions and
related properties. Hence, comparison of experiment
with first principles theory is needed even though experi-
ments on extreme states of matter are difficult.

A particularly challenging case is the x-ray edge prob-
lem [10] where density functional theory [11,12] (DFT)
at T=0 K has [13] successfully complemented the
Mahan-Nozieres-DeDominicis-Combescot (MNDC) ap-
proaches [10]. MNDC deals with the T=0 K edge
profile but the position of the edge, v, is assumed known.
That is, although shifts and shapes are connected by the
usual dispersion relations, MNDC ignore the edge-shift
calculation. Here we present a T#0 K calculation of the
K-edge shift and profile of Al1** along the shock Hugoni-
ot using DFT, and compare with experimental results [5].

In Ref. [5] the K-edge shift was treated as a sum of
level contributions. But the x-ray edge is complicated by
final state interactions (FI) of the Fermi sea, ‘“ortho-
gonality catastrophe” [14], band structure, phonons,
screening, and lifetime effects of the core hole. Only
some of these issues (not handled in Ref. [5]) are handled
by MNDC. In a shock compressed system (e.g., Al**
along the shock Hugoniot [15]) the FI involve both elec-
trons and ions which may be in a fluid phase. The shock
heats electrons and ions and a distribution of electron and
ion configurations becomes relevant.

The FI and orthogonality catastrophe are difficult to
treat in the dynamical theory using collision operators or

Green functions defined in an energy /evel basis. In DFT
total energies of the N and N —1 electron system are
considered instead of energy levels. Thus the line position
is calculated as the difference in *“‘ground state” energies
of the final state F and the initial state /. The F is not an
exact ground state, but a “legislated” ground state having
a core hole in the 1s level of the Al1** system and causing
final state interactions. The calculation of ground state
energies (or free energies at finite temperature) includes
final state electron interactions. Standard models of ex-
change and correlation at finite temperature [16] will be
used in this study. In fact recent work [17] seems to sug-
gest that the edge profile problem can be treated within a
more conventional framework, without recourse to the
heavier MNDC approaches.

Consider an A13" jon at mean free electron density 7
and ion density p, with ionic charge z =3 for Al ions. Let
the electron- and ion-density profiles around an Al*™ ion
at the origin be n(r) and p(r). For compressions x =p/pg
up to 4 times the normal density py (with po=2.70
gcm ~3 at normal temperature and pressure), only Al3*
ions occur. Thus z =z =3 for the field ions. The initial
state will be denoted by z;=z3, n;(r) =n3(r), p;(r)
=p(r), while the final state is zr=z+1=4 and will be
denoted by z4,n4(r),p(r) with an electron added to the
sea of electrons of average density n. The field-ion charge
z3 remains unchanged. The field-ion distribution is p(r)
for both I and F since ion-dynamical effects are negligible
[18].

The temperature along the Al shock Hugoniot can be
deduced [15] using the equation of state. The ion lattice
melts at approximately 0.25 eV. Aluminum is a *“simple
metal” or a *“simple plasma” [19] in the sense that weak
electron-ion pseudopotentials ¥* can be constructed such
that results using V* agree with the full nonlinear DFT
calculations to high accuracy. This implies that the DFT
calculation using coupled equations [12] for electron and
ion profiles can be replaced by a neutral pseudoatom
(NPA) calculation where the electron problem is decou-
pled from the ion problem. The construction of V¢ used
by us is as follows. Let An(g) be the Fourier component
of the full (nonlinear) free-electron density displacement
An(r)=n(r) —n around an ion in the uniform electron
gas (EG) of density 7 and temperature 7. Then we
define V¢(q) by the relation An(r) =—V*(q)x(q,n,T)
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where y(q,n,T) is the full EG response function. This
absorbs the nonlinearities into V¥ entirely. This is ade-
quate for Al, although not in general. In the NPA pro-
cedure a uniform positive background (jellium) with a
spherical cavity v(r) of radius rws=3a/4nz)'? is
placed around the central ion and perturbation theory
(PT) is used to correct for the cavity. The positive
charge removed to form the cavity is just the charge +z
at the origin. The “‘central ion+cavity” is the NPA hav-
ing a zero Friedel sum, i.e., an ideal weak scatterer for
which PT is applicable. When such a jellium with a cavi-
ty is employed the pseudopotential [19]

vei(g) =an,(q)/x(q) — (4r/qg?)v.(q) ¢))
is used, with z =3 or 4 for I or F. Here we use perturba-
tion theory for treating the ion distribution after verifying
that the PT calculations agree with the full nonlinear
DFT calculation for several test densities.

First consider the 7=0 K case for a system of /V ions.
The total energy E3 for the Al®* system is given by the
NPA energy of the central ion at the origin plus the PT
contribution AE¥ per ion of the V —1 field ions. Thus

E3=ES$+E{+Ej+(N—1)AES . 0]
The electron, electron-ion, and ion contributions are
identified by the superscripts. The E§ contains the uni-
form EG energy and a correction from the “band-
structure zero” of energy

E3=N23s(ﬁ)+ﬂ523[ L__ o], 3)

2 ,’{0(0)
Here x0(0) is the g— O limit of the noninteracting EG
response; x(0) =du,.(7)/dn is related to the local field
(compressibility) correction of y(g— 0). The term E¥
arises from the central ion+cavity and is

E‘§’ =AE3+fdl'(ﬁ“ V3)Y3+fdr%V3%* (V3 —M3) .
4)
Here AE; is the embedding energy of the Al** ion in the
jellium with the cavity v3 (of charge z3). This is evalu-
ated from the phase shifts of the Kohn-Sham scattering
states using Fumi’s theorem and the bound state energies.

The remaining terms are cavity corrections, with

z
Y;3= "'—i'i‘L* {vi+Anst.
r r

Here Ans(r) is the displaced charge of the continuum
electrons around the AI** neutral pseudoatom and in-
tegrates to zero. The “x” defines the convolution product
ukv=fu(s)v(r—s)ds. Finally, in the last term of Eq.
(4), ms(r) is calculated from ms(g) = — (4n/q?)vi(g)
xx(q), i.e., a linear response to the cavity. Thus E¥ ac-
counts for the complete structure of the ion in its medi-
um, and the nonlinear response of the electrons to the ion
potential. Finally, the ionic energy E! can be written as

E5=.g/_z V33(R,-)=ﬁfdr Vis(r)g(r), (5a)
i=0

(zz3)
r

V.3(r)=

+quIVfé(q)lzx(q)exp(—iq-r). (5b)
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Here z =3 for I, the initial state. V'33(r) is the ion-pair
potential (see Fig. 1) and g(r) is the ion-pair correlation
function. At 7 =0 this reduces to a lattice sum. V¢(q)
is defined in Eq. (1). The PT correction to the electron-
ion interaction of the N — 1 field ions, denoted by AEY is

AES =QV) _'§|V§"3(q)|zx(q) . (6)
Similarly the total energy of the final state F is (A1** ion
at the origin)

E4s=ES+ES+Ei+(N—1)AEY+E photo » @)

E photo =EF+ tixe (®)

E§=E$+(z4—2z3)nlxo(0) "' —x(0)],

Ei=

S

Z Vi3(R))+ Z Va3(R;) .
i=0 i=0

E$ is similar to E§ with the appropriate quantities.
AEY is identical to AEY. Here E photo is the energy of the
photoionized electron placed at Ep, plus an exchange-
correlation correction uy.. The term E§ has a local field
(band-structure zero) correction from the change z3— z4
at the origin. The ionic energy Ej contains V43(R;), Eq.
(5b), viz., the interaction (Fig. 1) between the Al** ion
at the origin and a field ion AI** at R;. The embedding
energy of the Al*Y ion is AE4 and is contained in E¥.
This is calculated from the Kohn-Sham phase shifts and
bound state energies.

Given the initial and final total energies F3 and E4 at
T =0 K, the transition energy is

hv=E,—E;. )

We ignore phonon effects [18] since phonon energies are
negligible compared to hv. Our calculated position of the
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FIG. 1. Left: The initial and final state ion-ion pair poten-
tials ¥33(r) and V43(r) at compression 2. See Eq. (5b). The
ionic core radius is = 1.4 a.u. Right: The external (photon)
potential ¢ex(r,®) is modified to ¢s.(r,w) due to the pho-
toresponse of the atom [21]. The mean radius of the 1s level is
0.120 a.u.
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A’ K edge at normal density (i.e., k=1.0) and T=0 K
is 1560.2 eV, in close agreement with the experimental
value [20] of 1560 eV.

At T#0 K DFT minimizes the Helmholtz free-energy
¥, while the transition involves the internal energy dif-
ference E4— E3. Unlike at T=0 K, there is a thermal
ensemble of configurations and the “K edge” is the “ob-
servable” onset of absorption. In effect, at T=0 K there
are holes at every energy ¢ in the Fermi sea with a proba-
bility 1 —f(¢/T) where f(¢/T) is the Fermi function.
The energy Er in Eq. (8) has to be replaced by ¢, and the
T#0 K transition energy is

hv=(E4>—(E3>+s+%(ﬂuxc); (10)
here, e.g.,
<E;>=AE3+4n,3fg(r)i{ﬁV33(r)}r2dr
ap
9
+ 6ﬁ[3(C+D), an

where C and D refer to the last two terms of Eq. (4) at
T#0 K. Here AE; and similarly AE4 are the T#0
embedding energies of the 70 K Kohn-Sham calcula-
tion. The other terms evaluated by the 70 K DFT code
are free energies and are converted to internal energies in
the ensemble averaging via the operation (8/98)(B-- )
applied to them. For kg7 > 0.25 eV the ions are in a
liquid state and the lattice sums become an averaging
over the ion-pair correlation function g(R) calculated us-
ing the modified hyper netted-chain equation (containing
a bridge term) for the pair-interaction V33(R).

Equation (10) gives the transition energy, inclusive of
final state interactions, etc., when an electron goes from
the 1s level in A1** of the compressed material to a con-
tinuum energy &, with ¢> 0 and it does not define an edge
as in the 7=0 K case for e=FEFf. In an actual experi-
ment the observed absorption will remain very low up to
energies within kg7 of the Fermi energy when the ab-
sorption will rise appreciably, giving a pseudoedge. At
higher temperatures (kg T > EF) even this feature will be
lost, and hence a criterion of the “onset” of the transition
is needed.

The MNDC line shape is

IWV) < 1°WIE/(v—vr)]e, (12)

where 1°(v) is the profile calculated without the MNDC
corrections. & is of the order of Er. The edge exponent a
can be expressed [10] in terms of the difference in phase
shifts A8; =8, — &6, for the Ith partial wave at the
Fermi energy. The orthogonality catastrophe acts to
moderate the effects of a. The edge exponents at 7=0
for several densities were calculated and a is of the order
of 0.1. Hence we ignore the edge exponents but evaluate
the profile using the correct initial and final states.
Zangwill and Soven (ZS) (21] showed that the LDA-
absorption profile can be very different from the true
profile, due to dynamic screening of the external photon

potential @ex(r,t) =E-dcos(w?) where d is the dipole
operator. Our experience [22] of a T#0 K version of the
ZS method is that these effects are not important for the
K edge. This is confirmed by calculating the ZS self-
consistent photoionization potential ¢s.(r,@). The real
and imaginary parts of ¢s.(r,0) for @=po—& at
compression 3 are shown in Fig. 1. This provides the ZS
profile I,(v) =Io(v) +1[A¢s(r,w)] where the last term
arises from the induced photoionization potential. Io(v)
involves the matrix element of the unmodified ¢ex(r,®)
and is discussed below. The induced potential changes
the profile by a small almost constant factor, i.e.,
I,5(v) =0.941o(v).

In calculating Io(v) we evaluated (1s|V-uexp
x(iq-r)|k) where |k) is the final state @xim(r)Yim(r),
with k%/2=¢, and averaged over the angle of q, and
summed over /,m. The terms beyond the dipole term
contributed <4% to the profile. The final state is
weighted by the thermal factor 1 —f(&/T). We include
no ion dynamics [18,23] but include the Auger width [20]
and write

+oo r do
I = ao
W) f~°° To(w) (/) +(w—v)2 21 °

where '=0.6 eV. The observable edge is defined as that
value of v=vr where the intensity .4z scaled by the
maximum absorption intensity In.x iS a certain preas-
signed value f, viz.,

f=]edge/1max . (14)

For f=0.1 and 0.05 the calculated edge shift at compres-
sion k=1.25 remains 0.21 eV, while at k=2 they are
2.98 and 3.39 eV [the ZS correction leaves Eq. (14)
unaffected]. This uncertainty at higher temperatures
reflects the lack of a true edge. We report our calculated

(13)
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FIG. 2. The calculated edge profiles at compressions k=1, 2,

and 3 and T=0K, 1.55x10* K, and 1.15%10° K. Vertical ar-
rows: chemical potential uo=0.86, 1.36, and 1.50 Ry, respec-
tively.
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FIG. 3. The calculated and measured [5] (large boxes) K-
edge shift along the Hugoniot as a function of compression. [L:
Liberman, MR: McMahan and Ross cited in Ref. [5], present
work: f=0.1 and 0.05; see Eq. (14)].

absorption profiles in Fig. 2, while the shifts, calculated
with £=0.1 and 0.05, are shown (Fig. 3) as triangles.
Figure 2 shows the absorption profiles (scaled by Imax
which is weakly dependent on x) for k=1, 2, and 3 with
T/Tg=0, 0.072, and 0.41, T being Ex/kg. The chemi-
cal potential uo at a given compression (e.g., k=3) de-
pends on the accompanying increase of temperature. The
shift of the absorption edge (at £ =0.05 and 0.1) from the
x =1 value is plotted in Fig. 3. No profiles were calculat-
ed in Ref. [5]. Two shift calculations (MR and L) re-
ported in Godwal et al. [5] and the experimental data [5]
are also shown. The second data box straddles the phase
transition. The McMahan and Ross (MR) curve is a

solid state APW calculation and we agree closely with

MR in the solid regime (it is not clear if MR used a T=0
exchange-correlation correction). Liberman’s (L) sophis-
ticated code does not include T30 K exchange-
correlation effects, liquid structure, or final state interac-
tions except for Slater’s transition state model. Our
theory includes a rigorous 70 K analysis, final state in-
teractions, and explicit liquid state effects via modified
hypernetted-chain theory. We provide a profile calcula-
tion and a definition of a “pseudoedge.” Although the
experiment has a large uncertainty, the curve L and MR
in the liquid range clearly underestimate the edge shift.
These experimental and theoretical results suggest that
energy levels and spectral lines (in this case the edge)
show red shifts under compression although this lacks
consensus in the plasma literature [8,24].

We thank Andrew Ng for helpful discussions and Wa-
Iter Kohn for suggesting this problem to us at the Santa
Cruz meeting on dense plasmas.
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