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Pressure dependence of electron-phonon coupling and superconductivity in hcp Fe:
A linear response study
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A recent experiment by Shimizet al. (Ref. 1) has provided evidence of a superconducting phase in hcp Fe
under pressure. To study the pressure-dependence of the superconductivity we have calculated the phonon
frequencies and the electron-phonon coupling in hcp Fe as a function of the lattice parameter, using the linear
respons€gLR) scheme and the full potential linear muffin-tin orbital method. Calculated phonon spectra and
the Eliashberg functiona?F indicate that conventiona-wave electron-phonon coupling can definitely ac-
count for the appearance of the superconducting phase in hcp Fe. However, the observed change in the
transition temperature with increasing pressure is far too rapid compared with the calculated results. For
comparison with the linear response results, we have computed the electron-phonon coupling also by using the
rigid muffin-tin (RMT) approximation. From both the LR and the RMT results it appears that electron-phonon
interaction alone cannot explain the small range of volume over which superconductivity is observed. It is
shown that ferromagnetic/antiferromagnetic spin fluctuati®® as well as scattering from magnetic impu-
rities (spin-ordered clusterscan account for the observed values of the transition temperatures but cannot
substantially improve the agreement between the calculated and observed pressure/volume range of the super-
conducting phase. A simplified treatment mivave pairing leads to extremely smaks(0™2 K) transition
temperatures. Thus our calculations seem to rule out ®odmd p-wave superconductivity in hcp Fe due to
standard electron-phonon and SF interactions.
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[. INTRODUCTION spin fluctuations. Disorder-induced superconductivity in fcc
Pd, due mainly to the reduction k(0) and therefore in spin
Recently Shimizuet al! (also see Ref. 2have reported fluctuations, has been claimed experimentally as well as dis-
resistivity and magnetization measurements on Fe samplegissed theoreticalf§.° A similar effect could conceivably be
under pressure, and identified a superconducting phase cha@chieved in fcc Pd under pressure, but is yet to be observed.
acterized by the Meissner effect and the vanishing of the'he case for hcp Fe is somewnhat different, since it is be-
resistivity above a pressure of 15 GPa. At this pressure théeved _tol ‘be close to antiferromagneficor complex
stable crystal structure of Fe is known to be hcp. Both thenagneti¢' instability. It was noted by Wohifarifi that at the
hep phase and superconductivity in Fe under pressure af@West pressures~<10 GPa at which hcp Fe is stable, it

results that can be expected on theoretical grounds. Stabiliif'omd be close to an antiferromagnetic instability. He also
of bee, fee, and hep crystal structures as a function of cas uggested that the antiferromagnetic spin fluctuations might

nonical d-band filling was discussed some time back by';Zt bear?itcgglrjagl ena(;uglhe \}gt:chjpp:s::u?:spe\rf\;ﬁgfeu(:rg\(/jlmtlignh?r?
Pettifof and Andersen and co-worket8. These authors ' P y P :

. . N(0) would cause spin fluctuations to eventually disappear.
showed that without ferromagnetism the ground state of F%ﬁ]ti?erromagnetic sppin fluctuations suppressvav)é supgf-

would be hcp, just as for its nonmagnetic and isoeleCtron'%onductivity, while contributing tap/d-wave superconduc-
4d and = counterparts, Ru and Os. For Fe the bcc structureﬁvity_ At present, experimental evidence regarding the type

is stabilized only via ferromagnetism. In the ferromagnetic superconductivity ¢-wave or otherwisgin hep Fe is lack-
bcc state both the atomic volume and compressibility of F‘?ng.

are anomalously largeApplication of a moderate pressure  (one can estimate thE, in hcp Fe by using simple scaling
results in bee to hep martensitic transformation and loss ofrguments and the observed superconducting transition tem-
ferromagnetisnf. Both Ru and Os are superconducting atperatureT, of Ru (0.5 K) or Os (0.7 K) at normal pressure.
low temperatures. Thus superconductivity in hcp Fe is hardly et us ignore spin fluctuations and consider the McMillan
surprising. expression

What makes hcp-Fe different from Ru and Os is the pres-

ence of spin fluctuations. Both ferromagnetic and antiferro- 0

P : ) b 1041+ )
magnetic spin fluctuations are known to suppress supercon T.=——exp — , (1
ductivity mediated vias-wave electron-phonon coupling. A 1.45 Aph— u* (1+0.62\p)

notable example, where ferromagnetic spin fluctuations

(paramagnonsare believed to suppress superconductivitywhere @ is the Debye temperaturgs* is the Coulomb
completely, is fcc Pd. A large density of stat@0S) at the  pseudopotential, and ,, is the electron-phonon coupling
Fermi level,N(0), in fcc Pdcauses a large Stoner-enhancedconstant, given by\pth(0)<I2>/M<w2>. Consideringu*
paramagnetic susceptibility, leading to strong ferromagnetic=0.1, we get ,,=0.32 for Ru @ =600 K; see Ref. 6 To
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estimate\ ,,, for hcp Fe, we assume that the mean squarédor hcp Fe. The zero pressure bulk modulus in hep Fe is 165
electron-phonofion) matrix element(1?) and the effective GPal® The initial (low pressurglogarithmic derivative off;
spring constan¥l { w?) are nearly the same as in hcp Ru. Thein hcp Fe should thus be close te 6.6/165 (GPa)!
average phonon frequency, and tiig, should then scale =—49%/GPa.

as the inverse square root of the ratio of the atomic masses, Exercises such as the one outlined above are useful in

and A pp should scale according to the ratio N{0). The  obtaining order of magnitude estimates and in understanding
quantity N(0) can be easily calculated for elemental solids.the trend from one element to the next. However, a quanti-
However, we only need to estimate the ratio of this quantityiative agreement with experimental results might be missing.
between Ru and Fe. We can start by assuming Xi{@) is  According to the study by Shimizet al! superconductivity
proportional to the inversd-band width, which can be esti- in hcp Fe appears at around 15 GPa, slightly above the pres-
mated from the potential parameters of the LMTO-A@A-  sure at which the bce-hep transition takes place. The transi-
ear muffin tinorbital atomic sphere approximationethod>  tion temperature grows slowly from bewol K to about 2 K

The band width parameter in LMTO-ASA is usually written at ~22 GPa and then decreases steadily, with superconduc-
as A.>* To avoid confusion with the commonly used tivity vanishing beyond 30 GPX.The rate of decrease .
symbol for the superconducting gap parametewe denote is too rapid compared with the estimate derived above. In
the band width parameter as. Both A and its volume order to reproduce the initial increaseTof with pressure, as
derivative have already been tabuldfefbr a large number observed in the experiment, it would be necessary to include
of elemental solids. From thd-orbital values of the para- the spin fluctuation effects and possible volume dependence

meter A, N(0)go/N(0)ry=Ar,/Ar.=539/286=1.925. of the matrix element1?). Wi.th.ir?creasing pressure, spin
This would giveX ,,=0.62 for Fe, resulting in a transition fluctuations are expected to diminish, causigo rise. The
temperature of- 17 K for hcp Fe. If we use published val- electron phonon matrix el_ement may also increase with pres-
ues of N(0) for hcp Fé* (corresponding to a pressufe  SUré, as the nearest neighbor distances become shorter. It
~ 10 GPa and for RU® (corresponding to normal presshre would thus be of interest to examine to what extent the ob-

then we obtainN(0)ge/N(0)g,=20.8/11.8=1.76, and\ p, served results can be explained via a rigorabsnitio cal-
—0.56 for hcp Fe, yielding a lower value for the transition €ulation.

temperatureT (Fe)=12 K. Using the measured value of | N€ purpose of this work is to examine Viest-principles
@, in hep Fe (~500 K at~10 GPa, see Ref. 16owers the qa]cu]atlons the possibility of electron-phonon superconduc-
transition temperature further to a vatief 7.6 K. tivity in hcp Fe under pressure. To this end we have assumed
For ik esimate o e pressure dependendi fe 1 S61° 1P 76 o b nermaelc an nee e -
use a simplified version of Eq1): LMTO-LR) scheme developed by Savrasov and
® 1 co-workeré®?! to calculate the phonon frequencies and the
—_D F{ - _> . N =Npp—ut, 2) electron-phonon coupling in hcp Fe as a function of pressure.
The Eliashberg equatior$,in their isotropic Fermi surface
a.md resort to the t.abulated vall{es gf the logarithmic de.riva%vee rt?gr?git]icg;nléis el;;?ﬂ.éco,sgﬂytr: s&sz%;aduec?ﬁ%dggge of
tive of the potential parametek with respect to atomic A Effects of both ferromagnetic and antiferromagnetic spin
sphere radiuss (Ref. 13. N_e_glezctlng the volumépressurg  fjyctuations and the effects of scattering from magnetic im-
dependence of the quantiti¢s”) and u* in Eq. (2), we  pyrities are explored to accommodate the experimental data
obtain, for the logarithmic derivative of with respect to a5 pest as possible. We also present a simplified treatment of
the system volum&/: p-wave pairing in hcp Fe. So far two other theoretical calcu-
lations, related to superconductivity in hcp Fe and its pres-
dinT. (1_ 2 . 1 dinN(O) (3y  sure dependence, have appedfed Our work differs from
dinv e Npn/  Aph dinV these publicatior’$?®in as much as it presents a more rig-
orous first-principles calculation of the phonons and the
electron-phonon coupling as a function of the lattice param-
eter in hcp Fe. Maziet al'* used a rigid muffin-tin approxi-

Te

14T ® T

where yg is the Gruneisen parameter. We have used the ap
proximations

din® dIn(w?) mation in calculating the electron-phonon coupling. The av-
Yo=— D _qp— 7 (4) erage frequencies in the McMillan expression were estimated
dinVv dinVv from some earlier calculation of phonon frequencies at high

. . A A . pressures. Jarlbofjused the “frozen” phonon method to
With the assumpt|orN(0)_~A *, whereA is the d-orbital calculate the phonon frequencies. The force constant was
bandwidth Parameter in LMTO-ASA, dIn N(OE/d'” v fitted to the experimental value of the Debye temperature for
=—(1/3)dInA/dIns. For thed-orbitals of FedInA/dIns  pec Fe, and then scaled to various volumes in hcp Fe using
=—4.6. From the reported valtfeof y5=1.5in hcp Fe, we  calculated values of the bulk modulus. The analysid ofn

obtain a value these work¥"?was strictly based on the McMillan formula.
The possibility of phonon-mediatq@wave superconductiv-
dinT, _ ity and the effect of magnetic impurities were also not dis-
dinv cussed by Maziret al1*
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II. ELECTRONIC STRUCTURE 0.75

There is considerable experimental evidence that at room
temperature the martensitic transition from the bcc to the hcp
phase in iron takes place at a pressure of 10—15 %P4,
Ab initio theoretical studies of this transition have been car- 0.25
ried out by several groug$-2°While Asadaet al?” used the
LMTO method in the atomic sphere approximatighSA),
Stixrude et al?® and Ekmanet al?® used the full potential
linearized-augmented plane-wayeP-LAPW) method, free -0.25
of any shape approximation to the charge density or the po-
tential. Stixrudeet al?® studied the energy volume curves in
ferromagnetic bcc and nonmagnetic fcc, and hejth both
ideal and nonideat/a ratiog phases. They found that the ~0.75
generalized-gradient approximatid@®GA) of Perdew and r K M r A L H A
Wang(GGA) (Ref. 30 yields a much better agreement with FIG. 1. FP-LMTO enerav bands in hep Fe for the idesh
experiment than local spin-density approximation for the | .\/8_/.3 da=4.6 gyTh hori p”_ h h -
pressure at which the ferromagnetic bce to nonmagnetic hc}ﬁa ue (v8/3), anda=4.6 a.u. The horizontal line shows the posi
transition takes place. Ekmast al2® used GGAL(Ref. 30 ion of the Fermi level, chosen as the zero of energy.
and mapped out the transition path in terms of total energ

Energy (Ry)

(N L

(and thal honon( di o th ¥he FP-LMTO method for all lattice parameters considered
TanN en ta pydversutsr] abp O?]O correlipgn 'n% OI € arein good agreement with the LMTO-ASA bands. FP-
1 N-point mode in the bce phasamplitude and a long LMTO bands for the ideal c/a ratio and lattice parameter of

wavelength shear. Their study indicates a first order ferroz1 6 a.u. are shown in Fig. 1

magnetic bee to n_onmagnetic hcp transiti(_)n at a pressure rohie | shows the lattice parameters used in our calcula-
around.10.3 GPa, in qgreementz\éwth experiment as \{vell thﬂons together with the atomic volumes and some calculated
as _earller study of St{grudgt al= In a later calculation, properties. The pressure-@E/dV) and bulk modulus were
ﬁtelgle-Ngurrllanret daI.I’E usw;]g fa ‘(’36303!1 ﬁf thef GGC'jA‘ by calculated by fitting the energy vs lattice parameter curve to
erdew, Burke, and Ernzerhof€BGA2),™ have found an generalized Birch-Murnaghan equation of st&t€.The
antiferromagnetic ground state for hcp Fe and show that thlgquilibrium atomic volume and bulk modulus. 69.4 a.u. and
version of the GGA better reproduces the observed elastisgy ~p o compare well with the values obtained by the EP-
properties of th. Fe .under pressure. The possibility of NoNy Apw célculations of Ekmaret al?® (68.94 a.u. and 263
collinear mlagnet|sm in th Fe below '.50 GPa has also beegpa_ The experimental zero pressure values for bcc Fe is
suggested: Howeve.r, Masbauer studies of hcp Fe unde'r 79.51 a.u. and 172 GPa. Calculated pressure and bulk modu-
pressurt%&s?ave falled to reveal_ anyl4 I_ocal_ magnenqus values become progressively less reliable away from the
moment.>*Thus, as done by Maziat al, * in this work equilibrium volume. In order to calculate the Stoner param-
Wwe assume a nonmagnetic phase .for hcp Fe. undeerg)pressug?e” we introduced a small splitting in the self-consistent
and present results that Wer§9°bta'”ed by using G Al paramagnetic bands by adding small up and downward shifts
According to EI_<manet aI_. the bce to hep transition 44 the hand-center paramei@rin the LMTO-ASA method.
Ieads_to a pggazae withela ratio of 1.57 comp_ared 0 1.58In Aty making the atom self-consistent the Stoner paranieter
experiments.**" Our LMTO-ASA calculations yield a was calculated from the induced magnetic moment per atom
smaller (by ~ 0.8 mR)) hcp ground ;tate energy fara M, assuming proportionality between band-splitting and the
=1.57 than for the ideal close packing value. In the FP—Stoner parameter:
LMTO calculations the difference in the ground state ener- '
gies for the twac/a values is smaller than 0.2 mRy. Previous
theoretical studies for iron indicate a very small dependence  |=2 1181; 11=(C/=Ch)/u; 8=N(0)/N(0), (5)
of the total energy on the/a ratic®®3and in addition, the !
c/a ratio is likely to change with pressure. We have thus TaBLE I. FP-LMTO results for nonmagnetic hcp Fe for the
adopted the simplest option, as in Ref. 14, and carried out ajjeal c/a ratio: a=lattice parametefa.u), Vo=volume per atom
our calculations with the ideal close-packing caséa (a.u), P pressurgGPa, B bulk modulus(GPa, N(0) DOS at the
= /8/3. The electronic structure was calculated using SavraFermi level[states/Ry atom spif; |, Stoner parametgRy/aton).
sov’s FP-LMTO cod@& with a triple« spd LMTO basis for

the valence bands.s3 and 3-semicore states were treated a 4.0 4.2 44 45 4.6 4.7
as valence states in separate energy windows. The charyg 4525 5239 60.23 6444 68.83 73.41
densities and potentials were represented by spherical hae- 350 162 56 26 2.3 -14
monics withl <6 inside the nonoverlapping MT spheres andB 1695 970 550 410 300 221
by plane waves with energies 141 Ry in the interstitial N(0) 477 579 705 780 859 9.6
region. Brillouin zone(BZ) integrations were performed | 0.074 0.074 0.073 0.073 0.073 0.075

with the full-cell tetrahedron methddlusing 793k points in 1/(1-IN(0)) 154 175 206 232 268 3.44
the irreducible zone. Band structures of hcp Fe obtained via
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where the arrows indicate spin-up and down states\y(@l)
andN(0) are thd-partial and total DOSs at the Fermi level,
respectively. This method yields almost the saipeessure-
independentvalue as that obtained by Mazat all* Both

our method and that used in Ref. 14 can be called fixed
spin-moment method, except that Maginal. derivedl from

the second derivative of the total energy with respect to the
spin moment.

20 (a) |

15 -

Frequency (THz)

lIl. LATTICE VIBRATIONS AND ELECTRON-PHONON
COUPLING 5r

We used the linear response code of Savrasov and :
co-workerg®?!with a triple« LMTO basis set. The dynami- '
cal matrix was generated for 28 phonon wave vectors in the r M K r A
irreducible BZ, corresponding to a mesh(6f6,6 reciprocal
lattice divisions. The BZ integration for the dynamical ma-
trix was done for a mesh dfl2,12,12 reciprocal lattice di-
visions, and that for the electron-phon@dopfield) matrix
was done for @24,24,24 mesh. The calculated phonon spec- 15 |
tra for two lattice parameters, 4.4 a.u. and 4.0 a.u., are shown
in Fig. 2. Our results are in reasonable agreement with a
recent density functional calculation of Alfet al® These
authors use the same GGA as is used in our calculation
(GGA1) (Ref. 30 and the small displacement metfiddo
obtain the force constant matrix. In Fig. 3 of their paper the
phonon spectra for two volumes 8.67 and 6.97 Are 5+
shown. The corresponding lattice parameters, 4.36 and 4.05
a.u., are close to the values for which our calculated phonon
dispersions curves are shown in Fig. 2. The phonon frequen-
cies at thel' and A points agree remarkably well. Some
differences appear at symmetry poiktandM. Such differ-
ences are also present between the results ofeilte 28 and FIG. 2. Phonon frequencies of hcp Fe calculated via the FP-
those obtained by Serland et al. using a generalized LMTO-LR method for two different lattice parametels) 4.0 and
pseudopotential parameterizationof FP-LMTO calcula- (b) 4.4 a.u,, and the ideal/a ratio, J8/3. The solid circles denote
tions. The differences between our LR results and those dhe calculated frequencies and the solid lines represent spline fits
Alfé et al3® are not large enough to cause significant differ-through these calculated values.
ences in thermal properties and electron-phonon coupling.

The smooth solid lines in Fig. 2 correspond to spline fits to 1 i b - i N

the calculated frequencidsolid circles. Due to the small @?F(w)= N(0) 2 |9:<J,1<'|25(8|I<)5(8|]<')5(‘*’_‘*’k—kr)’

number of calculated frequencies the shapes of the lines pre- Kkl (6)

sumably representing the bands at the zone boundaries could

be incorrect. The connections of the calculated points witind the transport Eliashberg functfori®

lines and band crossings in Fig. 2 were determined by exam-

ining the phonon eigenvectors. However, the numbeq of ) 2

points considered along each symmetry direction was at “trF(“’):W E |9k

most four and often three or less. No intermedigtpoints (0){vks) ki v

along theK—M andL—-H were among the mesh gf points - - : . )

for which the dynamical matrix was calculated. Thus the (ves(k)—vis(k"))?8(e) 8(er) o= wy_y), (D)
ibility of errors in band crossin nnot rul t. .

poisht; dii,geriio?] Scurvzz ac}[ \?a?i)susgpf;‘ssu?eg Zr; si?nicl);r, e){\_/here the angular brackets denote the Fermi surface average,

cept for an overall scale factor, essentially representing thers denotes the Fermi surface velocity,, is the electron-

gradual broadening of the bands with increasing pressurg@honon matrix element, witlv being the phonon polariza-

This is reflected in Fig. 2 and also in the phonon density ofion index andk andk’ representing electron wave vectors

states for various lattice parameters shown in f@rof Fig. ~ with band indices, andj, respectively.

4. For the smallest lattice parameter considered by us the For most of the lattice parameters considered by us the

upper band edge lies around 670 ¢hor 20 THZ [Figs. 2  Eliashberg spectral function®F and the transport Eliash-

and 4(b)]. berg functiona?F both follow the same frequency variation

We have computed both the Eliashberg spectral functionas the phonon density of states. In Fig. 3 we show the pho-
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nuclear absorptiol The peak positions in the calculated
results for higher pressures are at somewhat lower frequen-
cies(by about 5 meV, which is within the experimental reso-
lution) than those from the inelastic nuclear absorption
experiment® However, such differences between the calcu-
lated and measured frequencies are common, given the dif-
ference between the experimental and theoretical values of
the lattice parameters at various pressures.

The Hopfield parameten (N(0){1?)), which is the elec-
tronic part of the electron-phonon coupling, shows an above-
average increase between the lattice parameters 4.5 and 4.4
a.u., due to an increased coupling for the longitudinal acous-
tic phonons with wave vectors around the middle of the
I'-K symmetry line. This increasethbove-averagecou-
pling is found to persist up to at least 4.2 a.u., but diminishes
to normal(average value around the lattice parameter of 4.0
a.u., where the pressure-stiffening of the lattice vibrations
reduces the electron-phonon coupling and superconductivity
disappears. The general trend is as follows: the Hopfield pa-

FIG. 3. Phonon spectrum, density of states and the Eliashbertameter  grows steadily with increasing pressure with a

spectral functiorn®F and the transport Eliashberg functimﬁ"XF
for hcp Fe at the lattice parameter 4.6 ac/a= \/8/3). The equi-

librium (minimum energy lattice parameter is 4.615 a.u.

rapid change between the lattice parameters 4.5 and 4.4 a.u.
The phonon frequencies move upward with increasing pres-
sure, with no phonon branches showing any softening. How-
ever, between lattice parameters 4.6 a.u. and 4.4(pau-

non density of states and the two Eliashberg functions tohaps 4.3 a.l. the increase in the Hopfield parameter

gether with the phonon dispersions for the lattice parame
4.6 a.u., close to the equilibrium value of 4.615 a.u.
Some deviations in the frequency dependence ohtte

function from that of the phonon density of states appear
higher pressure. The deviation is most pronounced betwe
the lattice parameters 4.4 and 4.2 a.u. in our calculation. |
Fig. 4 we show the Eliashberg spectral functions and thf%J
phonon density of states for three different lattice param

tegfominates the change in the electron-phonon coupling pa-

rameter\ ,,= nIM{®?). In this range\ ,, increases despite
a decrease ilN(0) and an increase ifw?). Below 4.3 a.u.
ttice vibrations stiffen rapidly, lowering the value ®f;,.

Al Table II we summarize our results for the pressure-

dependence of the phonon properties and electron-phonon

IEoupling. Since the Hopfield parametetris often calculated

sing the rigid muffin-tin(RMT) approximation of Gaspari
and Gyorﬂ‘yf92 in Table Il we have also presented the results

eters. The peaks in the calculated phonon density of states gj; 7 obtained via the LMTO-ASA implementation of RMT

ambient pressur@attice parameter-4.6 a.u. in our calcula-
tions) are at 190 cm? (24 meV) and 315 cm* (39 meV),

(rigid atomic sphere or RSpas given by Glezel et al** and

Skriver and Mertig"* These values are in agreement with

and these agree very well with the results from neutron scaihgse given by Maziret al**, but differ significantly from
tering eXpeI’imenfg as We” as W|th recently reported r.esults,-the resu'ts Of Jar|b0?§ (Judg|ng from the quoted Va'ues Of
obtained from the measured energy spectra of melastlgph and the Debye frequenciesOur results indicate that

1.5
(a)
Eliashbere Function /. a=4.0 a.u
g runeton a=4.4 a.u
1
-
3
0.5
0
0.12
(h)
- DOS
E
= 006 |
172
g i
3 !
wn \
0 bemET : ]
100 300 500

Frequency (cm )

depending on the lattice parameter the RMT/RSA approxi-
mation underestimates the Hopfield parameter by 15-45%.
Also the variation ofn with lattice parameter in the RMT
approximation is much smoother than in the linear response
calculation, as the former fails to capture the above average
increase around the lattice parameter 4.4 a.u. In Table Il we
have presented the results for lattice parameter 4.7 a.u.
merely for comparison with other lattice parameters, and not
for comparison with experiment. The strong electron-phonon
coupling (stronger than that aa=4.6 a.u) is of no experi-
mental consequence sinc@) at this lattice parameter the
system is at a negative pressure, not accessed by experiment;
and (ii) our theoretical calculations show that at this ex-
panded volume the system is most likely antiferromagnetic.

IV. CRITICAL TEMPERATURE
A. General relations

The linearized Eliashberg equations at the superconduct-

FIG. 4. Phonon density of states and the eliashberg function fomg transition temperatur€, of an isotropic system arnsee,
hcp Fe for three different lattice parametecga(= /8/3).

e.g., Ref. 22
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TABLE II. Hopfield parameters from the linear response calculatoand the rigid muffin-tin(atomic
spherg approximationy (RMT/RAS), mean square electron-ion matrix eleméht), calculated average
plasma frequencies,, logarithmic average phonon frequencies, , cutoff frequenciesw;, Coulomb
pseudopentials for Eliashberg equatign* (w:)] and Mcmillan formula g;\); electron-phonon coupling
parametersa.,, calculated critical temperature§§"°) and superconducting gapa{) from the solution of
the Eliashberg equatior{8) and the critical temperatures from the Mcmillan form@x(T¥“M) for various
lattice parametera.

a ag 4.0 4.2 4.4 4.5 4.6 4.7
7 Ry/bohr? 0.268 0.368 0.229 0.139 0.111 0.099
7 (RMT/RAS) Ry/bohr? 0.214 0.167 0.124 0.108 0.095 0.088
(1% (Ry/bohp? 0.056 0.063 0.032 0.018 0.013 0.010
wp) eV 10.30 8.82 7.68 7.21 6.78 6.40
K 640 542 439 372 336 295
on cm™t 445 376 305 258 233 205
o cm™t 7000 6000 4600 4600 4600 4490
w* (wg) 0.224 0.224 0.218 0.221 0.224 0.226
w* (@) 0.139 0.138 0.137 0.135 0.134 0.133
Nph 0.277 0.570 0.538 0.434 0.431 0.508
THeM K <0.01 6.37 4.06 1.06 0.94 221
TCale K 5.10°7 452 3.11 0.83 0.66 1.73
Ao cm ! <1076 7.38 4.63 1.28 0.99 2.54
Aq/kgTE® 2.35 2.15 2.21 2.14 2.30
adl % 2
Z(ioy) =1+ —° S W, (n—n")sgn(n’), hsf(n—n’)=f _ doPl0)
@n 0 (wn— wy )2+ 0?

)

whereP(w) is the spectral function of spin fluctuations, re-
, lated to the imaginary part of the transversal spin suscepti-
|| bility y-(w) as

|wn\<wc A . )
ZiwAlo)=aT, S W_(n—n)—ten)

wherew,=7T.(2n+1) is a Matsubara frequenc (i w,) 1

is an order parameter, addi ) is a renormalization factor. Plw)=— ;<|gkk/|2|mxi(k,k',w)>Fs,
InteractionsV, andW_ conatin a phonon contributiax,,,

a contribution from spin fluctuations;;, and effects of scat- where( )r5 denotes Fermi surface average:(w.) is the
tering from impurities. With scattering rates,= 1/2r,, and  screened Coulomb interaction

Yam= 1/27,, referring to magnetic and nonmagnetic impuri-

ties, respectively, the expressions for the interaction terms . i 9
are m* (wc)= T+ 2 inElwy)’ 9

W, (n—n")=N\pn(n—=n")+Nsl(N—=N")+ S (YnmT Ym) with £ =({N(0)V,)es being the Fermi surface average of the

Coulomb interaction. E is a characteristic electron energy,

and andw, is a cutoff frequency, usually chosen to be ten times

the maximum phonon frequencyi.= 10w,

Wf(n_n/):)\ph(n_n,)_)\sf(n_n,)_ﬂ*(a’c)

+ Onn' (Yom™ Ym)- B. Phonons only
In order to computdl; we use the calculated Eliashberg

The phonon contribution is given by spectral function along with the following procedure to de-
termine the Coulomb pseudopotentjaf (w.). We start by
» dw?a?(0)F(w) assumingu=0.5. A value greater than 0.5 far would lead
)\ph(n_n,):f —_— to magnetic instabilitysee, e.g., Ref. 45With E= w,, the
0 (@n—wp) "t o electron plasma frequendgee Ref. 4§
where a?(w)F(w) is the Eliashberg spectral function. The 05
contribution connected with spin fluctuation can be written i

* =
as p (@) 1+05Nwp /o)

214518-6
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7 - - T ing subsection, are also shown via three additional curves.
PPy NM/AFM(?)! + AFM The symbols denote the calculated value3§ oéind the lines
6 / \ P g are spline fits through the calculated values.
/ §
51 ,,” N i i . C. Contribution from spin fluctuations
/' TN ‘\ EXPerimenti i Superconducting transition temperatures calculated in
) ar LT % Lo ] Sec. IV(B) are based on the maximum possible estimates of
~ ' N \ P the Coulomb pseudopotentigl*. Thus the maximumT
o ! N\ \ Lo p p gl \ c
= 3 4;! ‘\\ Lo 1 based ors-wave electron-phonon interaction only, cannot be
',’; AT, - Eliashberg \\ i E . less Fhan 4.5 Kfor allattlce parameter of 4{;\%), and a \{alue
2 /i oT-McMillan \ \ b as high as 7-8 K is reasonable according to the linear re-
4 ©T-SPF1 \ ' sponse results. The highest transition temperature obtained in
1b4 < T-SPF2 \ o, ol 4 the experimeritis 2 K. A more important difference between
o T -AFMSF N LAY the calculated and the experimental results is the range of
0 B . o -2y 3 volume/pressure over which superconductivity appears. The
45 55 65 75 calculated range is much broader than the experimental one
Volume per atom (bohr’) (see Fig. 5. It is then natural to explore the effects of spin

- ) fluctuations on both, the magnitude ©f and the pressure/
FIG. 5. Calculated transition temperatures as a function of voly,g|yme range of the superconducting phase. Since the calcu-
ume per atom. The experimental results are also shown. The expejistion of the spin succeptibility is rather complicated, we
mental pressure versds results were transferred into volume ver- restrict ourselves to simple modelsfefromagneticandan-

;‘;;—C erS::Z j;?h;hfed:;?j:osrgylazg)?'é(zig i?;&aéslf ;‘reee 4o liferromagneticspin fluctuations for an isotropic system, as
' 9 ' ‘ oposed by Maziret al1* In a T-matrix approximation for

scribed in Sec. IV. C. Dashed vertical lines show regions, where hcﬁ:e uniform electron gas one can obtain the relatisee
Fe is believed to be antiferromagneti&=M), and where it is either Refs. 48 and 4 9
nonmagnetidNM) or antiferromagneti¢AFM). ers. and 4p

. 2pg 1
;I'hus fro_m the Ca|Cl_J|alted phono_n frequencies anq plasma P(w)IN(O)f dq%[——lm;g(q,w)),
requencies we obtaip™ for all lattice parameters, with the 0 2pf ™
cut-off frequencyw. assumed to be ten times the maximum
phonon frequency. This procedure gives us the maximuni'here
possible values ofi* (w). 1 |
One of the most widely used expressions Tgris given T _T W B
by the Allen-Dynes forrff of the McMillan formula[Eq. 7 Mx=(q.0)= 77[2 IN(O) qu/ {(1 IN(0)

(1)1, where the prefacto® y/1.45 is replaced bwﬁ’,ﬂ‘/l.z. )

2
LI

w w
& —IN(0 SIN(0)— |.
xphzzfo dwaz(w)F((v)/w ( )12p,2: 2N )qUF”

_ _ . _ An integration of P(w) (see section A.leads to the spin
is the electron-phonon coupling constaaty) is a logarith-  fjyctuation coupling parameter

mically averaged characteristic phonon frequency

1
2 [~ Nsr=aN(0)l In7—=rr, (10)
w‘?,?ZeXp[)\ fdwaz(w)F(w)lnw/w}, m 1-N(0)I
phJO

where the constant is of order unity. One can define

and
2 ©
1* () a)s|rf,=exp)\— Ode(w) |nw/ 1)
p*=p* (oh)= : - of
1+ u* (wo) In(we/of)
[1-IN(0)]
is the Coulomb pseudopotential at this frequency. Our calcu- “(O-S)WIOFUF (11)

lations show that for different plasma frequencies and char-

acteristic phonon frequencigs* for all lattice parameters as a characteristic spin fluctuation frequency, which should

lies in the range 0.1:30.14, which is typical of conventional vanish near the magnetic phase transitign, andv g are the

superconductors. Fermi momentum and velocity, respectively. The product
In Fig. 5 we show the transition temperatures calculategprvg can be replaced byE:- and estimated from the loca-

as a function of volume per atom using Eliashberg equationtion of the Fermi energy with respect to the bottom of the

and the McMillan formula. The effects of ferromagnetic andband.

antiferromagnetic spin fluctuations, discussed in the follow- If we resort to the approximation

214518-7



BOSE, DOLGOV, KORTUS, JEPSEN, AND ANDERSEN PHYSICAL REVIEW@, 214518 (2003

TABLE lll. Spin fluctuation effects: ferromagnetic spin fluctua- spectively. The values of the parametetsee Eq.(10)] for
tion coupling parametersg;; and\gp, (see text in Sec. IV C. for  the two cases SPF1 and SPF2 are 0.101 and 0.029, respec-
detaily; antiferromagnetic spin fluctuation coupling parametdr, tively. Calculated transition temperatures for the two models
the characteristic spin fluctuation frequenmi,f, and the corre- gpE1 and SPE2 are denoted 153,1 and ng in Table 1,
sponding critical temperatureg;  T¢;, andT¢ (see text in Sec. \yhich also shows the characteristic spin fluctuation frequen-
IV C. for details. cieswS for various lattice parameters.

For antiferromagneticspin fluctuations the spin suscepti-
bility has a maximum atj— Q*, and the averaging over the
Fermi surface leads to

a ag 4.0 4.2 4.4 4.5 4.6 4.7

o) eV 3348 2256 1480 1139 859 567

et 00155 0.024 0038 0048 0.062 0.0886 x(g—Q*)!

A 00044 00069 0011 00139 0.018 0.025 s~ ———————.
3 1-x(g—Q*)l
\&! 00036 00057 0011 0019 005

TS K 00005 4.35 2 0202 0091 0224 If according to Mazinetal,'* we supposey(q—Q*)
T K 00019 412 2 0324 0303 0398 =bN(0),then
Taf 0.0023  4.48 2 0206 0004 O

~

At @'DN(0)I
st 1—bN(0)I

(14)
P(w)=(Nst051/2) (0 — wsy),

Parameteb can be estimated from the condition of the an-
tiferromagnetic instabilitybN(0)I—1. This leads tob
=<1.5 which is close to the value in Ref. 14. Taking this value

then for wge> w,, we obtain an extension of the McMillan
formula, similar to the one used in Ref. 14

ph and usinga’ as a fitting parameter we obtain the result plot-
Tczwiex _ LOALH ApntAsp) _ ted in Fig. 5.a"=0.0032 reduces the maximuii, (at 4.4
12 Nph—Nst— #*[1+0.62N g+ Ag)] a.u)to the experimental value, 2 Kor simplicity we used
1

Eq. (12), with of" replaced byw given by Egs.(11) and
af : ;
In reality the spectrunP(w) is distributed from zero up to (13, andigy replacinghgy). The corresponding results are
electronic energies. Near the phase transition the charactdilotted in Fig.(5) and are labeled as AFMSF. The values of
istic frequency is comparable to the characteristic phonor c @nd spin fluctuation coupling parameters are also shown
frequencies. An appropriate treatment of the broadness of tHg Table lll, labeled ag'c” and\ ¢y, respectively. Itis evident

spectrumP(w) leads to the replacement of thel in the  that the volume dependence Bf obtained this way is very
above expression by similar for ferromagnetic and antiferromagnetic spin fluctua-
tions.
0= (of/ o))", (13)

with the exponeni (see Ref. 49given by D. Magnetic impurities

A lowering of the critical temperature could also be

)\gh caused by the presence of magnetic impurities. It is well

V= Norher . kn_own that the n_onmagnetic impurities canqel out from the
(Nph—Nsp)| Nph— Agtt H)\p—“m[wﬁ’:/wsf] Eliashberg equationAnderson theorerfl), while the mag-
phT Asf netic ones lead the pair-breaking effett3he central idea is

that near a magnetic transition spin-ordered clusters appear,
. . . . and these can scatter electrons very effectively. We have cal-
n iEqéL(li(():)alli lj;ir:;?ﬂr/gﬁi do(f::S:g' tEgtc?il:i(éZI?eh;1ghe¥;c|3rigz culated the effect of such impurities on the critical tempera-
@ P Qure for the lattice parametea=4.4 a.u.(see, Fig. 6 by

;/r?enEr:]if]:))rrn?lzleIlggtlrcoenpaagr;]et?g(i&rgt)i\;r?\'/vlélljsl‘ deg;dﬁ]rg thfot .considering various different scattering rates r3{an the
9 PP pprop Eliashberg equatiofB). For comparison we have also calcu-

ate for a transition metal like iron. Hence we use the follow- . 'y 0 change ifi, by using the renormalized Abrikosov-
ing approach: we consider as a fitting parameter to get a , C o :
T.=2 K, the experimental value, for the lattice parameterGor kov (AG) expressionisee e.g., Sec. 15 in Ref. 2

4.4 a.u.(volume per atom~60 a.u) The two sets ofT, _ _

versus lattice parameter results obtained this way are shown N (Teo /Te) = Y112+ (LU2rm) mTe(1+ Nep) I~ $(1/2),

in Fig. (5) and are labeled as SPF1 and SPF2, respectively

(the lowermost curvesin particular, SPF1 refers to the case whereT, is the critical temperature without magnetic impu-
where Eq.(12) is used with\ s; given by Eq.(10); and SPF2 rities. ¢(x) is the digamma function angi(1/2) is related to
refers to the case whete from Eq. (13 replaceSa;’fL1 in Eq.  the Euler constany as (1/2)= — y— 2In 2. The difference
(12), with A still given by Eq.(10). In Table Ill, the spin  between the Eliashberg and the AG results is due to the
fluctuation coupling parameters associated with the resultsather broad phonon spectrum which necessitates appropriate
SPF1 and SPF2 in Fig. 5 are labeled\as, and \g5,, re-  treatment of strong coupling effects.

In the uniform electron gas approximation the constant

214518-8
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WO =(W(kk",n—n)) 1 crs-

We assume that the Coulomb interaction and impurity scat-
tering are isotropic. The simplest approximation then is to
useWH=gW?O®  where the parametay describes the an-
isotropy of the interactior(see, e.g., Refs. 52 and B3A
difference of the factog from unity leads to strong pair-
breaking effects. In generalsee., e.g., Ref. 22 for |
=1 dV~vg, the first odd Fermi surface harmoriftin this
caseg=si/Apn=AP/Nyn (see the notations in Refs. 40
and 21. The phonon constamgﬂ) is relevant to the trans-
port Boltzmann equatiotsee, e.g., Ref. 21From the linear
response calculation we obtag=\{1/\ , for all lattice
parameters. Foa=4.4 a.u., we obtaig=0.238.

With the assumptioW™)=gW©® it is possible to esti-
mate T, from a McMillan-like formula. An expression for

FIG. 6. Variation of the transition temperature with the scatter-the critical temperature can be written in a form similar to

ing rate of magnetic impurities 142, for lattice parametea=4.4

a.u. The legend AG stands for solution of the Abrikosov-Gor’kov

expression given by Eq15).

In order to reduce the critical temperature at the lattice

parametela=4.4 a.u. to the experimental valug¢ 2K it is
sufficient to assume a scattering rate, 3.0 cm L. With
the calculated average Fermi velocity=2.547x 10" cm/
sec, this yields a mean free palth-28.3<x10° cm. The

that used by Maziret al*

w I+A TN @ p{ 1+ Npn+ Nt
= eXp (= 58XP [,
1.2 7\;13h+)\éf 1.2 9N phtAsp)

17

wherew is given by Eq.(13), and we have used the relation
Ai=0g\%=g\;. Note that this equation is the same as Eq.

closer the magnetic instability, the larger is the probability(3.6) of Fay and Appef® except that the term;h is absent
(rate) of magnetic scattering, which leads to more enhancegrom the exponent in their expression fb.%° A small value

suppression of ;.

E. p-wave pairing

Magnetic orderingas well as an external magnetic figld
favors the triplet p-wave pairing, similar to that found in
superfluid 3He. In order to estimatd, for p-wave pairing
we adopt the following simplified approach. We consider th
extension of Eq(8) for the|™ spherical harmonic chanrfél

T
Z(iwog) =1+ - > WO(n—n")sgr(n’),
n n’
o (10
< .
n S dO (i w,
diw)=7T, >, WOn-n")—m—"— (o) :
n' Z(iwg)| oy

whered() for |=1 is thep-wave order parameter, and
W (n—n")=xp(n—n")+A{(n—n")
+ 6106hn' ( Yam™ Ym)»
WO (n—n")=Ap(n—n")+ (=)' (n—n")+ §oX,

whereX= — u* (wc) + Snn' ( ¥Ynm— Ym) - The kerneMV with a
general indeX is defined as the Fermi surface average

WO = (dOW(kk’,n=n)dO) o cps/(|dD[?)

€

of the parameteg and a rather strong phonon contribution to
the numerator in the exponent in E4.7) lead to small val-
ues of T,=<10 2 K for the p-wave pairing in contrast to the
conclusion reached in Ref. 23. The vallig<10 2K is
similar to that obtained by Allen and MitroVit for p-wave
superconductivity in Pd. If the assumptiaii®=gW® is
valid, then the inclusion of antiferromagnetic spin fluctua-
tions (replacingh¢; by )\";‘ff) would lead to similar results.

V. SUMMARY AND CONCLUSIONS

In this work we have examined the possibility of phonon-
mediated superconductivity in hcp Fe under pressure using
first-principlesmethods to calculate both the electron and the
phonon states, as well as the electron-phonon coupling. The
calculations assume a nonmagnetic state for hcp Fe under
pressure. The results of our study can be summarized as
follows.

(i) The Hopfield parametey increases steadily with pres-
sure, showing a wider variation for the linear response cal-
culation than obtained via the RMT approximation used by
Mazin et al* We have shown that the RMT approximation
implemented in the LMTO-ASA scheme yields valuespf
in reasonable agreement with those obtained in Ref. 14 using
the LAPW method. However, the RMT approximation un-
derestimates the electron-phonon coupling, yielding values
for the Hopfield parameter that can be 10-40 % lower than
the linear-response value, depending on the pres@ee

of the I™ harmonic of the momentum-dependent interactionTable II). (i) Below volumes of~50 a.u. per atontabove

W(k,k’,n—n), while

estimated pressures-160 GPa phonons stiffen rapidly,
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bringing theT, down. The rate of decrease T, for pres- solve this issue. Results from some recent Raman spectra
sures above-150 GPa is faster than what is suggested bymeasurements in hcp Fe under presStfthave been inter-
Fig. 1 of Ref. 14. (iii) T.'s based on theswave electron- preted as indication of antiferromagnetic order surviving up
phonon coupling, and maximum possible estimatesudf to approximately 60 GPE.As mentioned in Sec. I, Steinle-
are higher than the experimental valués) The range of Neumannet al1% obtained an antiferromagnetic ground state
volume where superconductivity appears is much broader ifor hcp Fe using GGA3! Thus the role of antiferromagnetic
the calculations than what is observed. This result is in qualispin fluctuations in inducing superconductivity as well as the
tative agreement with Ref. 14. However, the range of volumepossibility of a superconducting and antiferromagnétc
over which superconductivity persists is somewhat smallecomplex magneticphase co-existing in hcp Fe under pres-
than what is suggested in Ref. 14v) Inclusion of sure need to be looked at carefully. On the experimental side
ferromagnetic/antiferromagnetic spin fluctuations, and scatseveral points are still unclear. According to Jaccerdl?
tering from magnetic impurities can all bring the calculatedthe bcc to hcp transition is rather sluggish, occurring over a
values ofT. down to the range of observed values, but canpressure range of 5 GPa(see Fig. 2 of Ref. 2 This points
not substantially improve the agreement between the calcuo the possibility that the samples in the study by Shimizu
lated and the experimental pressure/volume range of the set al! might have been in mixed-phases, although it is not
perconducting phas@ig. 5). (vi) A simplified treatment of clear why such mixed-phases would be more probable at
p-wave pairing due to electron-phonon and spin fluctuatiorhigher pressures. Shimiat al. pointed out the difficulties in
interactions yields a very small(<0.01 K), in contrast achieving the hcp phase under pressure and that their results
with the claim made in Ref. 2&ee the discussion at the end were sensitive to how the pressure was applied. They also
of Sec. IV E, and Ref. 56 observed that traces of any remnant bcc phase could wipe out
Our results related to botkand p-wave superconductiv- superconductivity. On the basis of the temperature depen-
ity in nonmagnetichcp Fe due to standard electron-phonondence of the low temperature resistivity Jaccatal? sug-
interactions in the presence ferromagnetic/antiferromagnetigested the possibility of the presence of ferromagnetic clus-
spin fluctuations are at variance with the experimental obseters in their samples. Superconductivity could vanish if such
vations. WhileT for p-wave superconductivity is too small, clusters grew beyond a crictical size. It thus seems necessary
electron-phonon mediatestwave superconductivity yields that the experimental work be repeated, making sure that the
T.'s comparable to or somewhat higher than the experimenhigh pressure phase is a truly homogeneous hcp phase.
tal values. However, such a superconductivity is found to
persist beyond pressures of 200 GPa, in severe disagreement
with experiment. Thus the central issue at hand seems to be
not why superconductivity appears in the hcp phase, but why S.K.B. would like to thank S. Y. Savrasov and D. Y.
it disappears with increasing pressure, above 30 GPa. Furth&avrasov for helpful hints and discussions related to the lin-
work, both theoretical and experimental, is warranted to reear response code.
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