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The recent discovery of coexisting ferromagnetism and superconductivity i, Zadd the fact that they are
simultaneously suppressed on applying presgBfieidereret al., Nature412, 58 (2001)] suggest the possi-
bility of a pairing mechanism which is mediated by exchange interactions and connected with the proximity to
a magnetic quantum critical point. On the basis of first principles, full potential electronic structure calcula-
tions, we study the conditions that, for ZrZndetermine the proximity to this magnetic instability. More
specifically, we discuss the role played by the geometrical arrangement of the lattice, the hybridization effects,
and the presence of disorder, as well as the application of external pressure. These circumstances influence the
width of the relevant Zd bands whose narrowing, due to the reduction ofdfiectivenumber of neighbors or
to an increase of the cell volume, causeeahancemertf the density of states at the Fermi level. Finally, we
highlight some general features that may aid the design of other materials close to magnetic instabilities.
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The very recent discovery of the coexistence of ferromagexternal pressure or the concentration of some impurities. In
netism and superconductivit§C) in ZrZn, (Ref. 1) and this paper, on the basis of first-principles, full-potential, elec-
UGe, (Ref. 2 suggests that the current ideas on SC need t&ronic structure calculations for both ZrZmand related sys-
be critically reconsidered. Interestingly, ZrZis a relatively — tems, we highlight a rather general feature which may aid
“simple” metal, in the sense that there are no complicationsthis endeavor.
arising fromf electron$ or oxide planes. This circumstance I particular we examine the ZrZnattice geometry, and
implies that its electronic properties can be studied in detaifollow some important consequences for the physical prop-
within a density-functional theofyframework which is ex- €rties. We find that the density of state30S) at Fermi
pected to be reliable for such systems. energyn(EF) is enhancedln a sense Fo be spgmfled .below,

As known for many years, ZrZnis a weak itinerant by the latticegeometry A high n(Eg) is a crucial attribute

ferromagnef, with a Curie temperatur@ ey, =285 K, de- for a material to be close to a MQCP, as shown, for example,

spite the fact that both pure Zr and Zn are not magnetic. Botftlhe Stoner factofa measure of proximity to a ferromagnetic

pure elements also exhibit superconducting transitions witlli)hase transitionis given by
Tc=0.6 and 0.85 K, respectivefyMany speculations on the
properties of this compound have been stimulated by the So=[1-In(Ep)]17 Y, (1)
discovery that, at some critical pressur®.=8 Kbar, it
becomes paramagnetieM), suggesting that it is very close
to a magnetic quantum critical poiffMQCP). Notwithstand-
ing the argument of Berk and Schrieftebout the suppres-
sion of the phonon-induced-wave SC by ferromagnetic
(FM) spin fluctuations, many authdrargued that, in the
vicinity of the MQCP on the PM sidghigh pressures
p-wave SC could be induced by paramagnons. Later on, Fay
and Appet® suggested the possibility of also havipgvave
SC forP< P, insidethe FM region of the phase diagram. A
different scenario, recently proposed by Blagetal.!* pre-
dicteds-wave SC forP< P andp-wave SC forP>P.
Recent experimentssuggested that the kind of SC ob-
served in ZrZag is related to the presence of ferromagnetism,
since both ferromagnetism and SC are simultaneously sup-
pressed as the pressure readhAgs This phenomenon could
be compatible either with the picture of Ref. 10 or with that
of Ref. 11, both of which assumed magnetic excitation-
mediated coupling in the proximity of the MQCP. In order to
decide between alternative explanations, it is highly desir-
able to be able tengineematerials close to a MQCP and to FIG. 1. The local environment of a Zr atom in the C15 cubic
control the vicinity by changing some variable such as thd.aves structure. Zr atoms: large spheres; Zn: small dark spheres.
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FIG. 2. DOS of PM ZrZn (top panel at the relaxed lattice
constant,a=13.58 a.u. The labels Zn and Zr refer to the corre-
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FIG. 3. Band structure of PM ZrZnalong relevant symmetry
directions.

1) is particularly important for our concerns. Each Zr is sur-
rounded by 12 Zn neighbors and four Zr neighbors, at dis-
tances that in terms of the lattice constamtare dy,,
=(yJ11/8)a and dy,z,=(\/3/4)a, respectively. In other
words, the distance between two Zr atoms is only 4% larger
than the nearest-neighb@iN) distanced,,7,. This circum-
stance leads to an appreciable overlap of the wave functions
of two neighboring Zr atom¥'

We have calculated the band structure of Zrdnthe PM
state using the full potential linearized augmented plane
waves methot? within the local-density approximation. The
calculated equilibrium lattice constafit3.58 a.u). is about
3% smaller than the experimental off3.98 a.u.(Ref. 1].
Importantly, our full-potential results provide a reference for
more approximate, existing band-structure calculati4rs,
all based on the linearized muffin-tin orbital method and the
atomic sphere approximation. These simpler band-structure

sponding muffin-tin spheres. The lower panel shows the interstitial

DOS divided by the number of atoms in the unit cell.

wherel is the exchange integral. Of course, a lang&) is

also important in generating a sizeable electron-phonon cou  so -

pling,

- n(Eg)(1?%)

M(0?) )

where (12) is the electronic stiffness parameter of Gaspari

and Gyorffy'? M the ionic mass, antw?) some mean value

100

S (states atom ' Ry ")

of the phonon frequency. In the above equations we haveg
deliberately used definitions from the simplest available elec-
tronic theories for magnetism and SC, just to stress the rel-
evant role played in these phenomenan§¥,).

ZrZn, crystallizes into a cubic C15 superlattiteln this
structure, Zr atoms occupy the positions of a diamond lattice,
while the Zn atoms form a network of interconnected tetra-

. 02 0 0i2
E-E,(RY)

hedra. Since the major contributions n¢Eg), as we shall
see, come from Zr, the local environment of Zr atofRi.

FIG. 4. DOS of PM Zrzg for the values ofa indicated by the
labels.

092503-2



BRIEF REPORTS PHYSICAL REVIEW B 65 092503
40 ' ' The variation vs.a of the local DOS in Zr muffin-tin
spheres at the Fermi level, (Ef), is displayed in Fig. 6.
These trends can be easily fitted using a simple tight-binding
(TB) model*® n,,(Eg) is inversely proportional to the band-
width which is proportional to the hopping parameters.
These scale exponentially with the relevant distances, say as
e B with B>0. Accordingly, with Eq.(1), the behavior of
nz(Eg) is consistent with the experimental findiddshat a
compression can suppress the magnetic ordering by crossing,
atP=P¢, the MQCP G, '=0). On the other hand, consis-
tent with Ref. 1, the MQCP could be reached at lower pres-
sures in impure samples, due to the lifetimes effects men-
tioned above.
Pure Zr forms a hcp crystal structure. Although very well

known, the standard explanation as to why it is not ferromag-
\ s ‘ netic contains some valuable pointers; (Eg)=4.11 is
00 oot E-E (RY) oot 003 about four times smaller than in ZrZnSuch a large factor

) cannot be simply attributed to the atomic distances involved
(see Fig. 6. For pure(hcp Zr we findd,,,,=5.900 a.u., very
close to bothdy,7, anddy,z, in ZrZn,. Neither can this factor
be caused entirely by ETT’s. Such a decrease can be ex-

calculations form a starting point for studies of electron-Plained only by assuming that, as a consequence of the very
phonon coupling and spin fluctuations in this material. weak hybridization with Zn, Zr atoms “see” only their four

The DOS(Fig. 2) classifies this compound assplit band Zr neighbors, while in pure Zr the number of NNfs,is 12.

system: the electronic states are distributed into largely sepdiS could account for the reduction of the local DOS by
rate energy regions. The Zf resonances are close By , factor 3. Using the above TB model, we can draw a relation-

while those of Zn occur well below. The band structure, pIot-Ship
ted in Fig. 3, reveals very narrod/bands, and suggests that
these would be appreciably broadened out by a reduction of
the interatomic distances. A similar broadening could also be heref .. i fecti ber of NN's. Of E
caused by decrease of the quasiparticle lifetimes due to imyNerelers IS SOme €etiective number ol S , course, EG.
purities or defects. This view is supported by Fig. 4, where(3) should not be taken too literally since I.ETT.S and d|ﬁgr-
we see how the increase of the bandwidth for smaller value§"°€® between the shapes of the DOSS N dlﬂeren_t lattices
of aresults in a dramatic drop of the DOS peaks heights. Fo eg. the pseudogap between pondmg and antibonding states
the system at hand, the drop ofEg) is also affected by n TCp Igtnctes; e&l;o hgvte somte mﬂue_nf[:e. ¢ Zezmwhich
electronic topological transitiohS(ETT’s) occurring when nZor etr oa lsu S anctg Icljo'tjr: pic Lljrec; 5 tW ICh

the Fermi level crosses the various DOS peaks, as shown HTe n atoms piay essentially the role of empty Spheres
Fig. 5. placed between Zr atoms to reduicg;, we have calculated
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FIG. 5. DOS of PM ZrZp aboutEg for the values ofa indi-
cated by the labels.
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P a— FIG. 7. The density of states of pure Zr in the diamond lattice
erZr (au.) (dotg compared with the density of states of ZpZplain line), at
the relaxed lattice constant of ZrZnAll the DOS's refer to Zr

FIG. 6. n(Eg) vsdy,z, in ZrZn,. The circles correspond to the muffin-tin spheres only. The arrow indicates the direction in which
calculated values, and the line is an exponential fit. We find the Fermi level is espected to move due to charge transfer from Zr
=1.2 (see the text in good agreement with the values reported in to Zn. The dashed line marks an upper bound estimate of the above
Ref. 18. Fermi-level shift.
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the band structure of Zr in the hypothetical diamond latticewhich have little hybridization with the metal we want to
phase that would result from the substitution of Zn atoms irmodify. Indeed, there is an increasing number of materials
the ZrZn, lattice with empty spaces. The comparison of thewith striking superconducting or magnetic properties whose
corresponding DOSFig. 7) shows up some minor differ- electronic structures in the vicinity &g are consistent with
ences, mostly due to the weak hybridization with Zn andthe sort of analysis we carried out here for ZyZkor ex-
with the charge transfer to Zn atoms in the ZyA&ystem. ample, there are thindtand 5 metal films!® where the

In summary: we have pointed out how the addition of Znreduction off.¢; at the surface allows magnetically ordered
to an ideal Zr diamond lattice changes the local DOS on Zstates to be stable. Another example might be the alkali
atoms very little. We surmise that this is an example of afullerides® where G, molecules could provide the
rather common occurrence. One can consider a hypothetic&acuum” making alkali metals superconducting. Other pos-
geometrical lattice structure formed by adding empty spacesible examples are Mp,?* UGe,? MnSi %% layered
in some metal. The narrowed relevant bands could give riseupraté® and ruthenate superconductdts,and A15
to exotic, magnetic, or superconducting propert@sshown compound$®
here for Zr in the diamond lattice, that, of course, cannot be
realized in practice Those same properties could then be
obtained by filling the empty spaces with atoms which give We are grateful to E. S. Giuliano, B. L. Gyorffy, and G.
rise to little (or zerg DOS at the Fermi levelas Zn, and  Santi for helpful discussions.
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