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Superconductivity in compressed iron: Role of spin fluctuations
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The recent discovery of superconductivity in hexagonal iron under pressure poses a question about whether
it is of conventionalphonon or unconventionaimagneti¢ origin. We present first-principles calculations of
the electron-phonon coupling in iron B=15 GPa, and argue that a conventional mechanism can explain the
appearance of superconductivity, but not its rapid disappeararRe 30 GPa. We suggest that spin fluctua-
tions, ferro- and/or antiferromagnetic, play a crucial role in superconductivity in this case.
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The recent report of superconductivity in Fe undermetals, clearly show an antiferromagnetic ground <tatea
pressurtwas among the latest news in the chain of discov-noncollinear magnetic stafebut not a paramagnetic one.
eries of interesting cases of superconductivity in convenFurthermore, the calculated elastic properties in magnetic
tional materials: MgB,?> MgCNis,® ZrZn,,* and others. At hcp iron are in good agreement with experiment, while those
first glance, there is nothing unexpected in the fact that ironfor nonmagnetic iron seriously disagree with experinfent.

a transition metal, becomes superconducting in a nonmagfdmittedly, there is one experiment which is hard to explain
netic phase. However, a closer look at this case uncovers i hcp iron is magnetic even locally, namely, B&bauer
number of strange facts which do not square with this simspectroscopy under pressdfeGiven this contradiction, we
plistic scenario. First, in the phase diagréRig. 1) accord- take the point of view that the question of magnetism in hcp
ing to Ref. 1 the superconductivity appears at the same predon is still open, and even if the hcp iron is in fact nonmag-
sure P~15 GPa), at which the bcc-hcp phase transitionnetic, it should be very close to a magnetic instability.

takes place. In other words, the bcc phase is not supercon- In 1979, well before superconductivity was discovered in
ducting (and is magnetic while the hcp phase is already hcp iron, Wohlfarth pointed out that spin fluctuations may
superconducting at the lowest pressure at which it is stabl@lay a rolel* He noticed that at the lowest pressures at which
What is surprising, however, is that the critical temperature ighe hcp iron is stable, it must be very close to an antiferro-
zero at the phase-transition pressure, and then grows gradipagnetic instability, which should lead to pair-breaking spin
ally with pressure. If the superconductivity were due tofluctuations. He also pointed out that these fluctuations
phonons, its appearance exactly at the crystallographic phas&ould disappear at higher pressure, as the density of states
transition would be just a coincidence, since there is no rea-
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sion, 132 bohrd<V<145 bohrs, whereV is the unit-cell 2}
volume(with two atoms per cell As we show below, neither
electronic(e.g., density-of-state¢sharacteristics nor phonon
frequencies change with pressure rapidly enough to reduces}
the critical temperature from negsrR K to zero at such a
relatively small range of compressions.

On the other hand, there are cases in nature when supe®#4
conductivity exists only in a narrow pressure range, as in they, |
recently discovered ferromagnetic superconductor i1fGe ; _
The accepted explanation for such behavior in this case is ° 70 18 12 23 130 = 1 40 1as
that superconductivity there is believed to be induced by spin cell volume (Bohr?)
fluctuations, which, first, stiffen rapidly away from the quan-

tum.crltlcal point(that is, the pressure that Corr?SpondS. to theperconducting properties of hcp iron. The electron-phonon coupling
Curie temperatyré'CZO), and,'s'econd, grow in magnitude constant,\, and the critical temperature for tlsewave supercon-
close to this point. Thus, the critical temperature goes to zergqyity, T, [according to Eq(2)], were computed as described in
at the critical point, then rises away from it, but disappear§pe text. The constant, controlling the strength of the pair-
agalg 7When the energy of the spin fluctuations becomes togreaking effect of spin fluctuations, was adjusted so as to have
high.” superconductivity disappear &~145 bohr$, as in the experi-
Finally, it is not even clear whether hcp iron is indeed ment. The experimental critical temperatures from Ref. 1 are also
nonmagnetic over its whole range of stability. Density-plotted. For translating the pressure scale into the volume scale we
functional calculations using the generalized gradient apused the experimental equation of stéRef. 21, which is also
proximation (GGA), which is usually very reliable for @  shown in the figure. We also plotted the Stoner prodit,
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FIG. 1. Volume dependence of experimental and calculated su-
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becomes smaller, and thus at some pressure superconductiv-Since the Migdal theorem does not hold for paramagnons,
ity is to be expected. Of course, what is missing from thisit is hardly possible to derive a formula far; and compute
scenario is the fact that superconductivity disappears agaiih from first principles. Within the framework of the Stoner
rather soon when pressure is increased. A similar picture hasodel, and near the magnetic instability, one can estimate
been invoked by Saxena and Littlewood in their coupling with ferromagnetic spin fluctuations’as
commentary” on Ref. 1. They emphasized the role of the

spin fluctuation, and also pointed out that this role can be 1 a
either negative(pair-breaking effect on a phonon-mediated Asf“<m> T1I-NI
superconductivity, or positive (pairing mediated by spin

fluctuation. As we show below, although first-principles cal- where| is the Stoner factor and characterizes the band
culations predict a sizeable electron-phonon interaction, thegtructure and theq dependence of the bare magnetic
do not support the former scenario, because the pair-breakirgusceptibility** The most accurate way to estimatés by
effect of the spin fluctuation alone cannot explain the rapidperforming fixed-spin-moment calculations for small mo-
disappearance of superconductivity with pressure. We corments and taking the second derivative of the total energy
clude that the spin-mediated superconductivity is morewith respect to the fixed moment= N~1—2d?E/dnm?. With
likely. this method we calculatet=0.075 Ry/atom, using fixed-

In order to elucidate the potential for conventional, spin-moment LAPW total energies at=146.53 bohr
electron-phonon superconductivity in iron we performedNote thatl is practically pressure independent.
first-principles linear augmented plane-wat@&PW) calcu- For antiferromagneticspin fluctuations, Eq(3) is not ap-
lations in a GGA of the following quantitiesi) the electron-  plicable, but instead one can write, as a first approximation,
ion matrix elementW, (ii) the density of states at the Fermi
level, N, and (iii) the Stoner factor|. Superconductivity in 1 a
transition metals has been subject to numerous studies in the s 1yl = 1—xl”
1970s and 1980s¢see, e.g., Ref. 13 for a revigwand is
guantitatively understood. The McMillan formula, where y is the noninteracting spin susceptibility at the wave

vector corresponding to the antiferromagnetic ordering. The
Ojog —1.021+A\) main effect of pressure on the electronic structure of hcp iron
BT N— *(1+0.5M) | (1) is an overall scaling of the bandwidth. Thus, one can assume
K ' that y~ BN, whereg is a pressure-independent constant.
describesT . reasonably well. The parameters of the formula  All quantities entering Eq(2), excepta and 8, were cal-
have the following meaningso is the logarithmically av- ~ culated from first principles, using the approximations out-
eraged phonon frequency,* is the Coulomb pseudopoten- lined above with the phonon frequencies, calculated
tial, which for transition metals is usually close to 0.1, and elsewhere?® which agree well with experiment.It is worth
is the electron-phonon coupling constant: 7M ~ X ~?), noting that because of all these approximations we do not
where 7=NW is the so-called Hopfield parameté,is the ~ €Xpect to obtain quantitatively the value f6¢, but we do
ion mass, andw?) is the average inverse square of theexpect to describe correctly the trends associated with the
phonon frequency. Note that the electron-phonon coupling igressure:
responsible for both pairing interaction and mass renormal- In the calculations of the electron-phonon Hopfield pa-
ization. The constank measures both effects and appearsrameters,, we used the “rigid-muffin-tin” theory of Gaspari
three times in the McMillan formula: once as a measure ofnd Gyorffy!® According to this theory, which is known to
the pairing strength, and twicgn 1+\ and in 1+0.54)  Work quite well for transition metalésee, e.g., Ref. 1979
because of mass renormalization. =3 W/N|N,1/N, whereW, are computed from particular

In at least one transition metal, Pd, the electron-phonointegrals involving the radial wave functions, as defined in
coupling is definitely strong enough to render the materiaRef. 18, andN;, is the partial density of states at the Fermi
superconducting but, because it is near a magnetic instabilitjgvel with angular momentunh. We used self-consistent
superconductivity is suppressed. In other words, charge flugnuffin-tin (MT) potentials with touching MT spheres, calcu-
tuations(phonons coexist in Pd with spin fluctuation@ara-  lated by the LAPW method. It is well knowhthat for tran-
magnon which have a pair-breaking effect fewave sym-  sition metals the main contribution tp comes froml =2,
metry, but contribute to the mass renormalization likethus n%WﬁNde/N~W§Nf, as the ratioNy4/N is close to
phonons. These effects can be approximately accounted fomity in transition metals. In this connection, it is worth not-
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by modifying the McMillan formula as follows: ing that the volume dependence gf(cf. Fig. 2 is totally
different from that of the total density of statBs in fact it
- Wiog p{ —1.021+Nppt Ngp) has the opposite variation.
= ex ' The pressure-independent constaatsand g were ad-
L2 N Nar— A [LH+ 0540 gt A )] P P ¢

justed so as to have the magnetic instabiligN( = 1) near
the hcp-bee phase bounda¥s= 145 bohr$, and to have the
where the subscripts stand for “phonons” and “spin fluctua-maximal critical temperature of the right order. We used
tions,” so thatA4; is an electron-paramagnon coupling con- =0.13 andB=1.215. Qualitative dependence Bf on pres-
stant. sure is not sensitive to the actual values of these constants.
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FIG. 2. Hopfield factory in Ry/bohré com-
pared with the density of states at the Fermi level,
N.
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The results of our calculations are summarized in Table lthe maximumT, volume. In other words, elastic properties
and compared with experiment in Fig. 1. We observe that thelo not change fast enough with pressure to explain such an
phase diagram can be described qualitatively within theextraordinarily narrow range of superconductivity.
framework of the conventional scenaripairing phonons On the other handnagneticproperties, at least as calcu-
plus pair-breaking spin fluctuatiopsin the sense that the |ated within density-functional theorglo changein the rel-
critical temperature rises with pressure near the bce-fec transyant range. Indeed, &t=180 bohré, both antiferromag-
sition pressure, reaches a maximum, and then decays. Thgtic arrangements considered in Ref. 8 are stable and
underlying physics is as follows: spin fluctuations, which getproduce the same magnetic moment, on the ordeyf ger
stronger with lowering pressure, suppress superconductivi%e aton?® At V=145 bohr$, the largest volume at which

and at very high pressures the lattice stiffens dpdgoes hcp iron exists, both arrangements are still stable, and the

down. However, the range of pressures at which supercon: . . .
ductivity exists is much larger in the calculations. This is notcorrespondmg magnetic moments are similar, although they

accidental; the only mechanism that prevents supercondug—Educe .to values 0*10.'5'“3' One can Interpret Fh|s as local .
tivity at higher pressure is stiffening of the lattice, since theMagnetism on Fe with nearest-neighbor anUferromagne_tlc
electronic part,;, actuallygrowswith pressurgFig. 2). In- (AFM) exchange J). The exchang_e energy for the magnetic
deed, hcp Fe does stiffen rapidly under pressure. However, firucture AFM I(we use the notation of Ref) 8s zero, for
is by far not strong enough an effect to destabilize supercorAFM Il'itis —2J per atom, and for a ferromagnetic state it
ductivity at P>35 GPa(corresponding to the atomic vol- S +6J per atom. Apparently, the latter energy is sufficiently

ume of 132 bohi which is only a 4% compression from large to render the ferromagnetic state unstable. In fact,
while the ferromagnetic state is energetically unfavorable

TABLE |. Calculated parameters at three representativecOmpared with the nonmagnetic state for all volumes up to
volumes. V=157 bohré, there is a metastable ferromagnetic state
(metamagnetisin with M=~2.6ug/atom, for all V
V, bohrs 106.83 125.63 146.53 >145 bohrd (Fig. 3 On the other hand, while antiferro-
P, GPa? 79 48 12 magnetic states, stabilized by the exchange energy, are lower
7, Ryl/bohrg 0.185 0.132 0.099 in energy than the nonmagnetic one, the equilibrium magne-
1(w %), cm 1P 332 260 206 tization is rather small, on the order oful. We find, in
Wiog, CM 1P 343 260 200 agreement with Ref. 8, that the antiferromagnetism disap-
N, Sr/Ry atom spin 6.7 8.3 10.4 pears only aV~120 boh'r§. ' '
1/(1-IN) 20 27 46 While the picture derived from these calculations is at
T., K, Eq. (1) 25 41 6.0 odds with that deduced from the dsbauer experiment, in
T., K, Eq. (2) 1.0 1.4 0.0 the sense that the calcqlated tend_ency to magnetism appears
¢ K
(«=0.0138=1.215) to pe too strong, the main conclusion can be (.expressed.quah—
tatively as follows: the spectrum of the spin fluctuations
aReference 21. changes with pressure rapidly and drastically ndar

bThese values are calculated from the data in Ref. 15, assuming that20 GPa, and probably in a very nontrivial way, reflecting
the phonon density of staté®OS) is uniformly distributed be- two different types of magnetic excitations: antiferromag-
tween the longitudinal and the transverse peaks. In fact, any reaietic, and also ferromagnetithe latter, possibly, of highly
sonable assumption about the shape of the phonon DOS leads m®nlinear metamagnetic charagtérhis strongly suggests an
very similar results. exclusive role played by spin fluctuations in iron supercon-
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ductivity aroundP~20 GPa. Whether the superconductivity pair-breaking effect can only diminish with pressure. On the
is s wave, induced by the electron-phonon interaction, withother hand, if superconductivity or p wave, and the spin
spin fluctuations being ordinary pair breakers, or iliwave fluctuations are pairing, the phase diagram looks consistent
or p wave, with spin fluctuations being the pairing agents,with the standard prediction for this scenatia.key experi-
cannot be firmly established now, and should be clarified bynent in this situation would be measuring the effect of non-
further experimental studies. However, the latter scenarignagnetic impurities on superconductivity.

seems to be not only more exciting, but also more likely, if

we believe that, according to the le&bauer results, there are

no localized magnetic moments in the whole superconduc- This work was supported by the Office of Naval Re-
tivity range, because this means that the spin fluctuationsearch. The authors are grateful to D.J. Singh, A.F. Gon-
become weaker away from the bcc-hep transition, and theicharov, and R.E. Cohen for useful discussions.
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