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Theory of transition temperature of magnetic double perovskites
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We formulate a theory of double perovskite compounds such #&2BeQ@ and SgFeMoQ; which have
attracted recent attention for their possible uses as spin valves and sources of spin-polarized electrons. We
solve the theory in the dynamical mean-field approximation to find the magnetic transition temp€&gatwe
find that T, is determined by a subtle interplay between carrier density and the Fe-Mo/Re site energy differ-
ence, and that the non-Fe same-sublattice hopping acts to régu€r results suggest that presently existing
materials do not optimizé& .
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Identification of a ferromagnet with high spin polarization B-site ions, which in the ideal structure alternate in a simple
at room temperature and stable surface properties is awo sublattice pattern. The band theory has been
important goal in the field of magnetic materials. Suchdetermined. The conduction bands are derived from transi-
a system would allow, for example the fabrication of tion metalB-site t,, d orbitals, in agreement with quantum
“spin-valve” devices of greatly improved efficiency for chemical consideratiorsThere are six conduction bands per
magnetic field sensingthe development of new magnetic spin direction per unit cell; roughly, one triplet arises mainly
recording medi&,and perhaps the construction of improved from the d,y,,, Orbitals on the Fe and the other from the

sources of - spin-polarized ~electrons  for “Spin-tronic” game orpitals on Mo/Re. The occupied bands are fully polar-
applicationss One promising family of materials are the ized atT=0.

« . 4—6 R
fg?#b:: 'fgg,\gk'tei'h A;Eezjﬁa?;eecgarp[ﬁouncdhssf gheén;cgl: Because the near-fermi-surface bands are derived from
rmu 6 Wi ! su S o transition metald orbitals, we argue that a simple tight-

Ba, andB,B’ two different transition metal ions. Double binding parametrization of the band theory is adequate. We

perovskites in whichB is Fe andB’ is Mo or Re are of therefore model the ideal compound as a cubic lattice of
particular recent interest because they setarbe metallic . . O np : i
ransition metal sites, divided in the usual way into two in-

ferrimagnets with very high magnetic transition temperature . : .
and highly spin-polarized conduction bands. However, neiterPenetrating fcc sublattices, which we denotégslo/Re)
ther the physics nor the materials science of these confNd B(F€). On each site we include 8, orbitals,
pounds is yet well understood. The magnetic transition temfxy :dxz,dyz- A good fit to the band structure requires both
perature and whether the ground state is metallic ofi'st and second neighbor hoppings, probably because the
insulating vary as A is changed from Ba to Sr to Odlis- Mo/Re conduction electrons come from thd ghell, which
site (B—B’) disorder has a pronounced efféct. is spatially extended. If only first and second neighbor hop-
In this paper we take a step towards a theoretical undeings are considered, then thg orbital symmetry implies
standing for these materials. We derive a many-body Hamilthat a given orbital can mix only with orbitals of the same
tonian, using band theory calculatidrte fix important pa- symmetry and only with orbitals in the appropriate plane
rameters. We calculate the magnetic transition temperaturlyy, couples only tad,, orbitals in thexy plane.
T, and determine how different material parameters affect The band theory is thus a sum of three two dimensional
it. Our results should provide guidance in attempts to desigiight binding models, which we write a#lpan=Hon-site
double perovskite materials with improved properties, and an- HL‘S”Jr HC§p+ H"%_ The on-site ternH ., ¢ CONSists of an
appropriate starting point for calculations of other propertiesA—B site energy difference, which has a spin-independent
Double perovskites have a crystal structure which genertermA,, (independent of orbitah in cubic symmetryand a
alizes the familia’A B O; perovskite structure by having two spin dependent terro,
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wherea] . creates an electron on sitef orbital statemand  calculated tight-binding band structure displays features that
sping. depend sensitively on parameters. The parameters which best
We now fix parameters by computing the density of statedit Ref. 5 are shown in Fig. 1, with uncertainties of 10—15%

(shown in Fig. 1 and comparing to band calculations. The on all quantities.
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6.0 6.0 much less important than those which take Bhsite fromd®
to d®. Further, Hund's rules indicate thatdd or d® state of
less than maximaFe spin must be even less favorable than

50 ¢ Up spin Down spin 150 _ _ S _ ;
a maximal spin Fed® configuration. Therefore, the local
physics on theéB(Fe) site is described by

4.0 Tight binding model 1490

——— DMFT fi N
§ 3.0 —-—- DMFT i 130 HECZieBZMB blao(~A+I§ 0up)biag, 2

20 120 where S is a unit vector representing the direction of the
spins on the Fe. Here we have chosen the zero of energy to
be theA-level energy and have restricted to cubic symmetry.

1.0 110 Our approximation treats thd®>-maximal spind® energy
splitting correctly but is only an approximate representation

0,040 0.0 of the unimportant higher energy states. We further argue

that the small filling and high degree of spin polarization of

the A(Mo/Re) site means that we may neglect electron-
FIG. 1. Density of states from tight-binding model and dynami- €lectron interactions on this sublattice. Thus we propose the

cal mean-field theory. The solid line shows the tight-binding Dosmany body Hamiltonian

(tap=0.5 eV, 1,,=0.18 eV, t,,=0.05 eV, A=2.35 eV, andJ

_yh h h B
=1.85 eV); DMFT fit-1 is the local DOS from DMFT for essen- H= Hx3p+ Hx(z)p+ Hygp+ Hioc- 3
tially the same parameter values as the tight-binding modé|g( . . . i
=05 eVWaa=0.22 eV, Wgg=0.05 eV, J=2.2 eV, and A We solve this model via the dynamical mean field ap-

=2.0 eV). DMFT fit-2 is another fit to the tight-binding model proximation(DMFT).® This method has been widely applied
(Wos=0.4 eV, Wya=0.4 eV, Wg=0.02 eV, andJ=2.5 ev, 0 models, such as the Hubbard or Kondo-lattice model, with

andA=2.0 eV). The first DMFT fit gives &, that is twice as ONne atom per unit cell. In this situation, one formulates a
much as the second one. local problem specified by the local actior5,,
=3 9(w)c’(w)c(w)+Hjy, Whereg(w) is a mean field

For the |ta.<|ta] case of relevance here the band function to be determined by a self-consistency condition. To

minima and maxima are at;[(A—J)—4(taattop)] generalize this structure to the situation of present interest we
1%\/[4(taa—tbb)+(A—J)]Z+4t§b- As o is increased introduce two mean field functiona(w) andb(w) for the A

through A—J, the density of states has a step up. gy and B sublattices, respectively. We use boldface to denote

=0, the hybridization vanishes along a Iineﬁmpace which tensors depending on spin and orbital indices. Our choice of

intersects the van-Hove point, causing the density of state'é‘?era(’ft'on Hgmll_tonlan allows us to integrate over the fer-
N(w) to diverge asN(o~A—J)~(w—w*) Y2In[1/(e Mon fields, yielding
—w*)] asw— w* =A—J from above. A nonzert,, elimi- = =
nates the square-root divergence and moves the van-Hove Sc=Trinfa]+ Trin[b+A+JS o]. )
singularity away fromw=A—J. Thus the leading edge of Here the trace is over the frequency, spin and orbital indices,
the sharp peak in the density of states fixesJ and the and an average over the orientation of the core spin must still
upper and lower band edges determiggandt,,. Chang- be performed. We now write the self-consistency conditions.
ing ty, from 0.05 eV to 0 changes the besttfif from 0.5eV  Because an electron on sife may hop to either another
to 0.4 eV, and cause the density of states indheA region  A-site ion or to anotheB-site ion but the spin and orbital
to be dominated by the (k)/\Jw singularity, making it indices are conserved by the band partofve require three
asymmetric (unlike the published band structure couplings Vs, connectingA site toA bath; W,z connecting
calculation?) For later use we note that the.;;-only” band- A site toB bath and conversely, ai¥gz connectingB site
width is slightly less than the t;,-only” bandwidth. to B bath. We define the local Green functio@,=(a 1)

The band structure is strongly spin-polarized. In the magng Gp=((b+A+JS 0)~1) (() means average over the

jority spin sector, one ban@ominantlyB, i.e., Fe statésis  partition function constructed frorB,,) and obtain
full and the other band is empty; In the minority spin sector

one banddominantlyA, i.e., Mo/Rg is partly filled and the a=w+u—WA,G,— WagGp, (5
other(B) is empty. In other words, thB-site adopts a fully
polarized filled-shell configuration, and motion Afcarriers b=w+ u—WizG,— W3sGy,. (6)

onto B sites depends on the spin, providing the connection

between carrier motion and spin alignment which favors fer- These equations are the generalization to the present case

romagnetism. of the widely-used semicircular density of states
One sees from Ref. 5 that in the majority-spin sector theequations:'° They differ from the equations successfully

A-derived states form a much narrower band than do thesed to describe CMR manganite! in that the “core

A-derived states in the minority sector. This shows that vir-spin” interaction occurs only on th® site. Note that because

tual processes which take tiBesite fromd® to d* state are H"P is diagonal in the orbital index, these equations
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are diagonal as well. However, the partition function whichthe density of states fap slightly smaller tharnJ—A. In the
determines the spin average involves all orbitals.band theory, théd—B hybridization vanishes along lines in
We shall consider only ferrimagnetic states with magnetizak space[for H)T;P, this is along cogf)+cosf,)=0 |; this
tion direction specified by a unit vectaon, for which it is  feature is absent in DMFT. Finally, van Hove singularities
convenient to express the spin dependenceagg(w) are present in the band theory but not in DMFT. The
=a0(w)+a1(w)ﬁ1-5aﬁ (and similarly forb). “Wyp-only” T=0 bandwidth is #V,,, the “Wyg-only”

We fix parameters by comparing the calculatdd bandwidth is 4V,g; comparison to the tight-binding model
=0 DMFT density of states to the tight-binding one. Our suggestdVag~2Wy,.
fits are shown in Fig. 1; we are able to reproduce the general We now evaluate the magnetic transition temperaflige,
structure, including the upper and lower band edges reasomvhich we define as the temperature at which the paramag-
ably well, but there are some differences of detail. Thenetic solution becomes linearly unstable to a ferrimagnetic
DMFT always exhibits a square root singularity @=J  one. The spin structure of the mean field parameters is ex-
—A. Because this is integrable, and indeed is above thpressed by the nonmagnetia,j and the magnetic &;)
chemical potential, it is not important for our subsequentcomponents, and dt. nonzero values dd,,b; become pos-
considerations. The DMFT is more likely to exhibit a gap in sible. Linearizing the equations & ,b, we obtain forT.

1=— 22 Wagt (85— Wi Wag

)

(a5—Wan)| (bo+A)2—J2)2— ~Wig

1
(bo+4)2- §J2)WEB

-
2_"12
(bo+4)%~ 33 )

Our two different DMFT fits to the tight-binding model have carrier and core spins parallel. Now specialize further to
(Fig. 1), yield T.’s of 495 K (DMFT fit 1) and 200 K(DMFT  the limit [J—A|>W,g, so that the carriers are essentially
fit 2), for the band filling appropriate for Mo. Equati¢i) is  confined to one sublattice, with effective bandwidth
a mean-field result. Our previous experience comparingWiBllJ—Al. The model then maps onto the standard double-
DMFT to Monte Carlo results for double-exchange modelsexchange one, with three orbitals per cell and Hund's cou-
shows that the mean-field expression overestimaieby  pling J+A. The standard argumerishen show that at low
about 25% implying physicalT,’s of 370 and 150 K for N one has a ferromagnet withTa determined by bandwidth
these two fits. It is interesting that’s are comparable to or (SO increasing ag)—A| decreasgs while asn—ng, (one
larger thariT.’s observed in the manganese perovskites. Weélectron per orbitalsome other nonferromagnetiprobably
attribute this to the higher orbital degenerdahich allows
each and to be partially filled, favoring ferromagnetisand
very strong Fe-Mo/Re overlap.

We see that the calculatdd’s depend sensitively on pa- 0.10
rameters. To elucidate this, we study this dependence ir
more detail. We begin with the effects of varyinyaa
shown in Fig. 2, considering first the limit/;o>W,g. In 0.08
this case one has a wide band Afsite carriers, weakly 9
coupled to a spin-polarized “resonant level” on tBesite, a
situation familiar from heavy-fermion physi¢$Known re- = 0.05 -
sults for this problem imply a carrier-spin coupling
~W3g/(J—A) and aT,~1%/Wxs. The DMFT equations
can be solved in this limit, leading to precisely this behavior — 0.03
(shown as stars in Fig.)2Thus T, is maximized atWup
=0.

We now turn to the effects of varying the Fe® Mo 0.00 ‘ :

X . . 0.0 1.0 2.0 3.0 4.0
energy differencd— A, and the carrier density. We mea- W /W
sure the carrier density as number added beyond thé®Fe AAT T AB
configuration; thus Mo corresponds =1 and Re ton FIG. 2. Variation of magneticT, with the ratio of the hops
=2. Numerical results are shown in Fig. 3; a complicatedy, ,/w,g, as calculated from Eq7) using the “best-fit” value
nonmonotonic behavior is evident, which may be understoo@j—A)/W,z=0.4; n=1. Band theory suggestd/s/Wxg~0.6.
by consideration of the simplifying limit8/4,—0 and A  The values off, calculated in the Kondo limit described in the text
+J)>W,g. In this “double-perovskite-double-exchange” are shown as stars. The upturnViit ,/Wag>3 arises because the
limit carrier motion is strongly constrained by the need toA band begins to mix with the majority states.

0.12 T T

* Kondo limit values
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0.08 \ .
*———9J-A=0
—a(J-AYW,, =04
¢ (J-AYW,, =05
0.06 F

A—A(-A/W, =12 7
*—* (J-A)/W, , = —0.4

20

3.0

FIG. 3. Variation of magneticl, with band filling n, in the
(A+J)—oo limit, for different values of J—A and Wxa/Wag

incommensurate cf. Ref. 1@rrangement of spins becomes

favorable. The density range over which a non-ferromagneti

ground state is preferred increaseslasA decreases, essen-

tially because the greater effective bandwidth increases th

energy gain from populating “wrong-spin” orbitals, and this
accounts for the decrease in the ferromagn@tiavith de-
creasindJ— A| at largem. This trend is in qualitative agree-
ment with the variation i, on changing Mo i=1) for Re
(n=2) in Ba and Sr-based double perovskfté&*
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To summarize, we have formulated a many-body Hamil-
tonian which contains the essential physics of the Fe-based
double perovskite compounds, and have used it to determine
the factors affecting the ferfor ferri)-magnetic transition
temperature. Same-sublattiddo-Mo) hopping is not small
in the actual materials, and acts to lowgf. The higher
band fillings of the Re compounds make it more difficult to
realize high ferrimagnetid@.'s, essentially because of other
competing forms of magnetic order. We therefore suggest
that a search for higheF; materials focus on d* systems
and on ways to reduce the same sublattice hopping, as well
as more to closely match the B& and B site energies. On
the other hand, systems based aif #ons are more likely to
exhibit interesting many-body physics and nontrivial ground
states.

The Hamiltonian and approximation scheme we have pro-
posed allows a number of immediate extensions. From the
tight-binding band theory and the DMFT self-energy, the dc
and optical conductivities may be calculated. The effects of a
lattice distortion which lifts the degeneracy of the thigg
orbitals’ can be computed by allowing the site eneriyto
depend on orbital index. Finally, the “cavity field” interpre-
tation of dynamical mean field theory allows a straightfor-

fvard investigation of the effects of mis-sitRe-Fe inter-

changé disorder. Work in all of these directions is in
ﬁrogress.
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