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Magnetic impurities in Mott-Hubbard antiferromagnets
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A formalism is developed to treat magnetic impurities in a Mott-Hubbard antiferromagnetic insulator within
a representation involving multiple orbitals per site. Impurity scattering of magnons is found to be strong when
the number of orbitalgV” on impurity sites is different from the numbgs on host sites, leading to strong
magnon damping and singular correction to low-energy magnon modes in two dimensions. The impurity-
scattering-induced softening of magnon modes leads to enhancement in thermal excitation of magnons, and
hence to a lowering of the Nétemperature in layered or three-dimensional systems. Weak impurity scattering
of magnons is obtained in the casé =\, where the impurity is represented in terms of modified hopping
strength, and a momentum-independent multiplicative renormalization of magnon energies is obtained, with
the relative magnon damping decreasingyfofor long-wavelength modes. Split-off magnon modes are ob-
tained when the impurity-host coupling is stronger, and implications are discussed for two-magnon Raman
scattering. The mapping between antiferromagnets and superconductors is utilized to contrast formation of
impurity-induced state$3S0163-18208)01317-4

I. INTRODUCTION Recently the problem of nonmagnetic impurities in the Mott-
Hubbard antiferromagnet was addressed and defect states,
While the problem of static impurities in antiferromag- local-moment formation, impurity-scattering of magnons,
netic insulators is more than twenty five years biid,has  and finite-temperature magnetic dynamics in layered systems
attracted renewed attention after the discovery of High- were studied®!! Other recent works on static vacancies in
cuprate superconductofssince their parent compounds are antiferromagnets include exact diagonalization studies with
antiferromagnetic insulators. From the very early days ofthe Heisenberg modéf,linear spin wave theory® and exact
high-T. superconductivity a number of doping studies havediagonalization of strongly correlated small clustérgvhile
been done with various static impurities—both magﬁetic nonmagnetic impurities can be simply represented by spin-
and nonmagnetfc®—replacing copper from the Cu-O independent impurity potential, the situation is more com-
planes as in LaCuO,. Susceptibility measurements in high- plex for magnetic impurities. In this paper we introduce sev-
T, cuprates doped with magnetic impurities such as Fe, Nigra| representations to treat magnetic impurities in different
Co give evidence of local-moment for_matlérwmch IS €X-  sjtuations. A simple extension to spin-dependent impurity
pected to be intrinsically associated with the magnetic IMPUpotential is followed by a more sophisticated approach in-

rities. This is unlike the case of nonmagnetic impurities Sucmolving a generalized\-orbital Hubbard model with mul-

as Zn, .Al' Qa, etc., which, despite be|r_19 intrinsically no.n'tiple orbitals per site. Broadly there are two distinct classes
magnetic, give rise to local moments in the copper .ox'dedepending on whether the number of orbitals at the im-
planes when doped in cuprate antiferromagnets. This was

inferred earlier from the Curie-Weiss behavior of the mag-put:!:yls.'/t? |tst:]hehsa?1(a_t as :)r t?]'ﬁegg ir(/)\r[ntr:he numbt(_ar of
netic susceptibility;” and has been recently confirmed in the orbitalsv-at the host sites. In the ¢ N € magnetic

Y-NMR studies of doped 1-2-3 systems as seen in the proi_rnpurity is repregenteq throu_gh a modified ho_pping_strength
gressively increasing linewidth of the Y-NMR signal with t' Petween the impurity orbitals and the neighboring host
decreasing temperatuf&.Xiao et al. have also ascertained Orbitals. In the strong-correlation limit{>t) wherein the
the spin states of different magnetic dopants from the obMott-Hubbard AF with A orbitals per site maps to the spin
served local momentsand find, for example, that Fe is in a S=A/2 quantum Heisenberg AF, the modified hopping
spin-= state, whereas Ni is in a spin-1 state. They also find strength translates into modified exchange coupliig
correlation betweef . reduction and size of the local mo- =4t'?/U between the impurity spin and the neighboring
ment, consistent with the magnetic pair breaking mechanisnhost spins. This describes the situation where, in spin lan-
Although theoretically the problem of magnetic impurities guage, the impurity spi8’ is equal to the host spig, but is
in an antiferromagnet has been studied recently within theoupled to its neighbors with a different exchange interaction
Heisenberg representation of localized spims such com- J’. Similarly the case\” # A with no modification in hop-
prehensive study exists within the Mott-Hubbard model,ping strength or Hubbard interaction energy corresponds to
which provides a good description of the three-dimensionathe situation where the impurity spin is different from the
(3D) holes in the Cu-O planes of high: superconductors. host spins § #S).
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Il. SINGLE-ORBITAL MAGNETIC IMPURITY site, because in this cageand 8 are simply exchanged in

; ; 07 _ 0 ; )
In this section we consider a single-orbital magnetic im.n€ above equation, and singéy ;i =2[ ox"1,. this ex

: . . , S ression is symmetric under exchangeaofind 8. Using a
purity embedded in an antiferromagneti) host which is Fi - 0
described by the Hubbard model with one orbital per site~ V(IN)(1—wg) and B=—(IN)(1+wg), where w,

with exactly half filling. For concreteness we consider the= V1~ 74 is the host magnon energy in units of 2or the
square lattice, generalization to other bipartite lattices beinghomentumg mode, we obtain after summing over contribu-
straightforward. The host Hamiltonian is tions from all impurities

ot
Ho=—t> (al,a,+ala,)+UX nyn, (D) g’ =xz (1= %), (5
(o i
wheret is the nearest-neighbdNN) hopping strength and wherex is the total impurity concentration, and impurities

the on-site Coulomb repulsion. The AF state and its assocf'® @ssumed to be evenly distributed between the two sub-

ated features such as sublattice magnetization, magnon endqtticés. The renormalized magnon energy, given by the pole
gies, quantum corrections, etc., have been studied earlier i the magnon propagator, is now obtained from the solution

detail'> We model the single-orbital impurity in terms of Of the equation & yw?®+ yg+ S\{P=0, and up to first order
locally modified hopping term’ between the impurity or- in the effective impurity strengtikét/t we obtain

bital and its NN host orbitals. The Hamiltonian with such an

impurity on sitel can be written as below, where the sum is 1+xzﬂ). (6)
over all nearest neighbotk of the impurity sitesl, and 6t t

=t'—tis the hopping perturbation around the impurity site 15 resyit agrees exactly with the calculatidran the

Heisenberg model in that there are no singular corrections to
H=Hy+ dt E (aLan+ a}gal ) 2 the magnon energy in the caSé=S, and the correction is
(0o proportional toxét/t=(1/2)x8J/J.
Turning now to the magnon-energy renormalization of the
localized, high-energy modes with energy neal, #hich
orrespond to local spin deviation, we hawe-0, =1, so
hat S (Y= 1z(st/t). This implies that the magnon energy
gets shifted from 2 to

_ .0
(oq—wq

We start with the perturbative method where the impurity-
induced perturbatior] 5x°]1=[x°]1—[x sl to the zeroth-
order, antiparallel-spin, particle-hole propagator is obtaine
in powers ofét/t, and resulting corrections to its eigenvalues
then yield the renormalization in magnon enerdfefia-
grammatic contributions t§5x°] to first order inét, and
their evaluation in the strong-correlation limit have been dis- w=2J
cussed earlier in context of the hopping disorder probi®em.

We obtain for the diagonal, off-diagonal, and nearestin this case the impurity concentration does not enter the
neighbor diagonal terms, expressed in units-d?/A% for  magnon-energy renormalization, rather it has a bearing on

z ot
1+ = —

21 ) @)

convenience, the spectral weight of these high-energy modes. Thustfor
positive, the magnon spectrum goes up by enexgst/t.
[5x°] _Z ﬂ [8x°1,=[5x°151=[ 5x°] :Eﬂ This increase is expected from the simple picture of these
X =2 X-du=Lloxtln=lox =5 5 high-energy modes corresponding to local spin deviations.

(3)  The energy cost of making a spin deviation on the impurity

4 S . site iszJ'/2, whereJ'/2 is the bond strength. Withf =t(1
wherez=4 is the coordination number for the square Iattlce’+8t/t), to first order in dt/t we have Ae=z(J' —J)/2

2A~U is the Hubbard gap, and only terms up to order:ZJ&/t_

(t?A% have been retained, appropriate to the strong- . . .

LT : . The exact-eigenstates analysis also shows that precisely
correlation limit. We notice that the sum of all matrix ele- . !

. . : 0 o0 one magnon state at the upper end of the spectrum is split off
ments diagonal in sublattice basigix" ], +[dx" 155 is pre- .
. K g from the magnon energy band. These split-off modes are
cisely equal to the sum of off-diagonal matrix elements - . N

strongly localized around the impurity sites, and hence cor-

0 0 i i ;
[Sx"1ig+[ X" ]y - An immediate consequence of this corre respond to local spin deviations. Furthermore, for different
lation is that the Goldstone mode is preserved and that gen- ; . : L

. . values of the impurity hopping'/t it is seen from the mag-
erally the effective scattering of low-energy, long-

) non spectrum that the energy separation of the split-off state
wavelength magnon modes is weak. from the upper end of the spectrum increases roughly in
If the impurity is on anA-sublattice site, then for the pp b gnly

. . ; ; roportion to ét, as obtained in the perturbative analysis.
first-order correction we obtain after summing over nearest, - . o
neighbor terms his exact-eigenstates approach for obtaining magnon ener-

gies and wave functions from the fermionic eigens%:?utions in
the self-consistent AF state has been described eatlier.
SNG=(al[8x°1|a)= (@[ 5x I+ aBzyy[ 5x°1is

+ Bazyy ox°15i+ B2 6x°15y), (4) 1. SPIN-DEPENDENT IMPURITY POTENTIAL

where @ and B are the magnon amplitudes ok and B Nonmagnetic impurities in the Mott-Hubbard AF were
sublattices, respectively, ang = (cosy,+cosy)/2. Aniden-  modeled earlier via a spin-independent impurity potential
tical result is obtained when the impurity is ofBasublattice  term, and as a natural extension we therefore consider the
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following spin-dependent impurity term for magnetic impu- identical impurity-induced perturbatiofisy’(w)] is ob-
rities: tained, leading to similar results for magnon renormalization
as for the nonmagnetic-impurity case, where singular correc-
tions were obtained for low-energy magnon modes in two
Hined=>, W[ —ogV]¥,, (8)  dimensions! The strong impurity-scattering of magnons
! also introduces significant damping, with the ratio of the
magnon damping term to its energy being simply propor-

whereW,=(ay; ). A spin-independent impurity poten- 2% e impurity concentratior for long-wavelength

tial ey can be included for generality, however, we shall

consider the limitV>¢,, so that the potential for spior modes.

fermion isV, ~—aV. We chooseV to be positive for im-

purities on theA-sublattice sites, so that, is very low and IV. GENERALIZED HUBBARD-MODEL
V| is very high. The sign o¥ is reversed for impurities on REPRESENTATION

B-sublattice sites. This choice of potential ensures that the
magnetization on the impurity sites follows the host AF o now generalize to the situation with” and A" orbitals on

dering. Such a seln:dependent |mpu.r'|ty potentlal'can a}nsﬂost and impurity sites respectively. An appropriate model
from a coupling— o~ Sy, between the itinerant fermion spin for this case is the generalized Hubbard model with multiple
o and the static magnetic impurity sp8y,,, resulting from  orbitals per site. This model has been used earlier to study
a strong Hubbard interaction. Since experiments on Righ- quantum corrections in the antiferromagnetic state in a spin-
cuprates show the impurity spin to be antiferromagneticallyrotationally symmetric formalism, where a systematic pertur-
coupled with the host spinswe take the local field direction bative expansion in powers of X/was developed® We in-

to be along the local magnetization directiar).(The low  troduce a slight extension here in this model which makes it
potential (for spin-up is justified in view of the fact that the €quivalent, in the strong correlation limit, to the si3n-
ionization energy for both F& and Ni*2, i.e., the fourth and QHAF, whereS=A\72. The modification is to allow the NN
the third ionization energies respectively for Fe and Ni arehopping term to operate betweetl orbitals, whereas the
much higher than the third ionization energy for Cu.hopping term considered earlier was diagonal in the orbital
Whereas the ionization energies for'Band Ni'? are 54.8 index!® We therefore consider the following Hamiltonian for
and 35.17 eV respectively, the ionization energy for&is  the AF host:
20.2 eV.

We now examine formation of impurity-induced states  , E
due to this spin-dependent impurity potential. Within the H__t<ij>(mﬁ
T-matrix analysis, used earlier for nonmagnetic impuritfes,
energies of impurity-induced states are obtained from solu- +aiTTaamai1ﬁai la)s ()]
tions ofgf|(w)=1N, . For large|V|/U these impurity states o )
are formed at energies — o'V for the two spins, and are wherea andg are the Qrbltal njdlces which run from 1M, _
essentially site localized and therefore decoupled from th&nd the two Hubbard interaction terms are, respectively, di-
system. Thus, for the magnetic-impurity case when the im¥eCF and exchange type 'lnteractlons with respec't to orpltal
purity spin is antiferromagnetically coupled to the neighbor-indices. In the symmetric case when the two interaction
ing host spins, a significant difference from the nonmagneticStrengths are identical, as considered here, the system pos-
impurity case is that there are no defect states formed in the®SS€s Spin-rotational symmetry. It has been shown earlier
Hubbard gap. Rather only impurity states are formed, fathat in the symmetric case the two theEactlon terms can to-
removed in energy from the Hubbard bands. gether be written abl;,=— (U/M)=(S- S+ n?), whereS,

Within the above representation of magnetic impurities inandn; are the total spin and charge density operators, respec-
terms of spin-dependent impurity potential, the fermiontively. Spin-rotational symmetry is therefore inherent in this
number is unchanged, unlike the case of nonmagnetic impumpurity representation as well. Furthermore, in the strong
rities where one fermion is removed for every added impu-correlation limit, a strong Hund’s coupling exists which en-
rity. Hence the impurity sites do not quite act as spin vacanergetically favors the maximum multiplicity cas&+N/2)
cies. Nonetheless, the presence of an impurity potential terfor the total spin operatcfEi )
which breaks time-reversal symmetry leads to a partial de- Magnetic impurities are represented by introducik@
coupling of the impurity site from the host. This is most « A/ orbitals at the impurity sites. We first examine the trans-
easily seen in the limiy—o where the local antiparallel- verse spin fluctuation propagator in the host AF state,
spin, par.t|cle-hole eXC|tat_|ons are suppressed by the Iarg)?**(rt,r’t’)E(\If|S*(rt)S+(r’t’)|\If>, where §(rt)
energy difference ¥, leading to an absence of theterm, ~ + - : : .
and therefore to strong magnon scattering. Quite generally, o¥a(rt)(012) (1) Is thetotal spin operatqr. Ag.am, at
the particle-hole energy difference for antiparallel spins isthoe RPA  level tg‘e magnon  propagator is given by
modified by the spin-dependent impurity potential from 2 X (@)/[1~(U/N)x"(w)], where[ x"(w)] now involves or-
to 2A+2V, leading to a modification in the term. For bital summations, with matrix elements given by
spin-independent impurity potential the particle-hole ener- do’
gies are shifted equally, and hence it is the removal of a o T —i | 2@ T el (ar
fermion from the impurity site that is crucial. As a result of D (@)l If 2w % Giwjpl@)Gjpial 0"~ @).
this decoupling of magnetic impurity sites, a qualitatively (10

In order to represent higher-spin magnetic impurities, we

U
T ) )
(QjgedjoptH.C)+ JV.%; (&14801485| 58|



57 MAGNETIC IMPURITIES IN MOTT-HUBBARD . .. 10 601

Since each orbital is now connected via hopping\fo D t21
orbitals on the NN sites, the electronic spectral weights are S[UX°(©)]5=—UN —N)= =7
correspondingly modified. For example, in the strong- 2p%2
correlation limit, the on-site majorit;g ar12d minoritzy sEin den-
sities in each orbital are now-1Nt*/A% and ANt*/A%, re-
spectively. A straightforward extension of the earlier analysis SUx*(@)]39=—UW _N)f A3z
in the strong-correlation limit leads to

2
(13

We now obtain the magnon-energy renormalization by
perturbatively obtaining the impurity-induced correction to

,| 1+ %/ Yq the .ei%envalues of th¢lUx°(w)] matrix. As discgssed

(g w):/\fi 1_/\/22 t_ earlier!! we treats[Ux°(w)] as the perturbation matrix, and
' U 2 A3 o |’ determine corrections to eigenvalues[qﬁos(w)]. Evaluat-
Yq 1_m ing the first-order correction(q|s[Ux°(w)]|q) from the

(1D magnon eigenvectdm), and retaining terms to first order
only, we obtain

where J=4t?/U as usual, and is dimensionality of the
hypercubic lattice. Since different orbitals on the same site AD=UWN -\
are not directly coupled, the intrasite propagator is diagonal a

in orbital index, and therefore the leading order diagonaIA for th " . btain h
terms(the 1U and thew term) are proportional to\. How- s for the nonmagnetic impurity case, we obtain here a cor-

ever, the NN hopping operates between all orbitals, amﬁec“c’rin Wh'c?t Iﬁnlme?rnlqn er?er:gyf ?r:dnthjvsv scglnn:]e?hstlrovr\\g
therefore the off-diagonal term and the next-to-leading ordeg?]';';' wmsocgese Ieg d(i)n t(?gsir? uSIarocoSre%tioﬁseirftv%o air(T)]en-
piece (arising from hoppingin the diagonal term are both sions?);nd stro’n ma gnon da?n ing from second-order scat-
proportional toA2. The magnon energies are now given bytering processg’sl 'Ighe scattgringg term s explicitly
fq/\?/D‘]NVl_ 'yq—ZI(:j)JSVI— Yq IN .te-rms qf 'FhehsplnS proportional to the difference\( —N) between the number
i 2. We now |_ntro uce a magne_ﬂc ".“F’U”W In the S}/Stemof orbitals on the impurity site and the host sites, which
W'th.M %N Qrbltals at the_lmpurlty sitd . The resulting arises from the different dynamics of the impurity spin and
mod|f|'cat|on In thg e'ec”g’”'c Spec”"?" weights Iea_d; _to thethe host spins. This generally implies that impurity scattering
following changes in thgy"(w) ];; matrix elements for,j in ¢ magnons is strong when the impurity sg=A\"/2 is

the vicinity of the impurity sitdl : different from the host spis=A72, in agreement with ear-
lier studies within the Heisenberg modeind the one-band

D t? w

E EE (14)

1 D t2 ® model with nonmagnetic impurities whet®=1 and N’
07 — A= _ — — =0
[X]” MU NM2A3<1+DJN),
V. CONCLUSIONS

0 Dt21 In conclusion, we have developed a formalism to treat
[X"lia=—ANN 5 E 7! magnetic impurities in a Mott-Hubbard antiferromagnetic in-
sulator within a representation involving multiple orbitals per

site. For the casd/ = A/, when the impurity spin is identical
1 D t2 © D21 to the host spin, the magnetic impurity is represented by
[x°]55=N—— N2~ _3( 1— _> — NN -N) = - locally modified hopping strength, and we find that the ef-
U 2 A DIV, 2A%2 fective scattering of long-wavelength magnon modes is

(12 weak, leading to momentum-independent multiplicative
renormalization of magnon energies. For positive hopping
sperturbation&t we find localized, split-off magnon modes
orresponding to local spin deviations at impurity sites.
hese split-off modes will be relevant in two-magnon Ra-
man scattering which probes high-energy magnetic
Iexcitationsl.8 In the other case\V’ # N, when the impurity
spin is different from the host spin, we obtain strong impu-
rity scattering of magnon modes proportional to the differ-
ence (' —N), leading to singular corrections in two dimen-
sions and strong magnon damping. The impurity-scattering-
induced softening of magnon modes implies enhancement in
thermal excitation of magnons, and hence to a lowering of
S Ux°(w)], =0, the Neel temperature in layered or three-dimensional sys-
tems. We also find that the process of putting additional im-
purity orbitals leads to enhanced impurity magnetization and
S[Ux(w)],;=0, localization of electronic states at the impurity, indicating

Since now the local Hubbard interaction strength itself i
not uniform but depends on the number of site orbitals, w
have to multiply the[ x°] matrix with the diagonal interac-
tion matrix [/] containing elementt)/ A\ for host sites and
U/N' for the impurity site. We therefore examine the loca
matrix elements of the matrix prodt[dtl)(o]ij =Z/I“Xﬂ fori,j
in the vicinity of the impurity site. The impurity-induced
perturbation in the matrix elements of the prodiiey°] are
obtained as below:
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partial decoupling of the impurity site from the host. A rities in an AF can be mapped to that of nonmagnetic impu-
unique feature of having multiple impurity orbitals is the rities in a superconductor, which is characterized by absence
presence of exactly site-localized eigenstates in the electrosf defect states within the superconducting gap and robust-
spectrum which are completely antisymmetric between imness of superconducting gé&)(jonversely, a nonmagnetic
purity orbitals. impurity in a positivet) Hubbard AF maps onto a magnetic
When the magnetic impurity is represented in terms of dmpurity in a negatived Hubbard superconductor, and here

spin-dependent impurity potential, we find that the breakingjefect states are formed within the gap in both ca%ék.
of time-reversal symmetry leads to a decoupling of the im-

purity site from the host, and strong magnon scattering simi-

lar to the case of spin vacancies is obtained. We also find that ACKNOWLEDGMENTS
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