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Large-N limit of a magnetic impurity in unconventional density waves
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We investigate the effect of unconventional density wa¥®W) condensate on an Anderson impurity using
largeN technique aff=0. In accordance with previous treatments of a Kondo impurity in pseudogap phases,
we find that Kondo effect occurs only in a certain range of parameterst-€leetron density of states reflects
the influence of UDW at low energies and around the maximum of the density wave gap. The static spin
susceptibility diverges at the critical coupling, indicating the transition from strong to weak coupling. In the
dynamic spin susceptibility an additional peak appears showing the presence of the of UDW gap. Predictions
concerning nonlinear density of states are made. Our results apply to other unconventional condensates such as
d-wave superconductors amddensity waves as well.
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I. INTRODUCTION phase in transition metal oxidé§Due to the wave-vector
) ] _dependence of the gap, the transition to this phase is metal to

Our understanding of the problem of dilute concentrationmetal instead of metal to insulator, as in conventional density
of magnetic impurities in normal metals benefited a lot fromwaves(with constant energy gap
exact solutions, and from reliable approximate metHods. The paper is organized as follows: in Sec. II, we study an
Among the latter, the larghexpansion seems to describe Anderson impurity embedded in an unconventional density
successfully the low temperature properties of mattede-  wave in the largeN limit at T=0. As opposed to previous
notes the spin degeneracy, andNldan be used as an expan- treatments,? we allow for a macroscopic occupation of the
sion parametet.* On the other hand, recently considerablestate. Also special attention is payed to the excitations
attention has been focused on the behavior of magnetic imaround the UDW gap edge. From the saddle point equations,
purities in pseudogap phases, where the conduction electraRe phase diagram is determined, and the effect of magnetic
density of states varies as a power-law of energy around thgeld is discussed. In Sec. Ill, we turn to the investigation of
Fermi energy*3 The interest on this subject mainly arises the properties of the impurity. Its density of states displays
due to the behavior of the pseudogap and superconductingle same power-law energy dependence at low energies as
phase of highT superconductors. The interplay between un-that of band electrons, enhances around and a Kondo
conventional condensates and quantum magnetic impuritigseak shows up at positive energies. The presence of these
can reveal the nature of the underlying phase. Using Ibkge-three peaks is in accord with experimental findings in
technique, several interesting results were found concerningi,Sr,CaCyQOg, 54! The peculiarities of the conduction
the transition from magnetic to nonmagnetic phases, the quaiectron transport lifetime are explored. It diverges at the
siparticle density of states, etc. Fermi energy, but the number of possible states is depressed

Experimentally, from scanning tunneling microscopy significantly, cancelling the divergence. On the other hand,
studies in BjSr,CaCyOg.s'*!° a strong variation of the the lifetime of excitations and the number of states around
electron density of states was found around the impurity sitethe UDW gap maximum diverges in the same manner, pro-
beyond the superconducting coherence peaks, new structurggcing an important contribution to transport properties. This
were identified indicating the presence of impurity inducedbehavior cannot be found in a simple Fermi gas with a
bound states. Some of the experiments can be explained Ipower-law density of statésThe Kondo energyor tempera-
pure potential scattering, but other features call for theoretiture) depends strongly on thielevel energy, and the lifetime
cal works to understand the effect of unconventional condenbroadening is sensitive to the presence of the UDW gap. The
sates on magnetic impuritié$. static spin susceptibility signals the transition from the

This is why we have chosen to study the interaction be«ondo to the decoupled free moment regime, as was found
tween unconventional density wav8dDW) and magnetic  in similar treatments of a Kondo impurit§:222° The dy-
impurities. In UDW, the gap in the quasiparticle spectrumnamic spin susceptibility exhibits the usual Kondo peak, plus
vanishes on certain subsets of the Fermi surface, and its agn additional peak coming from the divergent peak in the
erage over the Fermi surface is z&fd8This causes the lack density of states of UDW. This again signals the presence of
of periodic modulation of the spin and charge density. Suclparticle-hole condensate. Some generalizations to nonlinear
states have been proposed to describe the pseudogap phas@sity of states are made. In spite of the different topology
of high T, superconductors;?° the low temperature phase of the Fermi surfaces and the distinct nature of the conden-
of a-(BEDT-TTF),KHg(SCN),,?-?# the antiferromagnetic sate, our results apply to other phases with power-law den-
phase in URSI,?*2?*and other heavy fermion materi&fs,  sity of states like ird-wave superconductdi¥or in d-density
the charge density wave in 2H-Ta$€ and the pseudogap waves3!
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Il. PHASE DIAGRAM N limit.? Within the mean-field approximation, the slave-
boson operators are replaced by their expectation value,

The Hamiltonian describing an infinite-U Anderson impu- o L - .
g P bo=(b)/ VN, and the constraint is satisfied by introducing a

rity interacting with an unconventional density wave is given

by Lagrange multiplie,
H= (g(k)(a;,mak,m— a5 _qnfk-qum H= %n{f(k)(a;,mak,m_ By mPu-Q.m)
k,m ,

+ A(K)(8 g+ 8- ) *+ VDO (8 1+ 8 )i

+ + \ +
+ A(k)(a-k,mak—Q,m + ak—Q,mak,m) + ?[(akm + + 2
N + 1 (@m* com T+ (E+ N fifn+ NAB3- Q). (5)
m

+ aik——Q,m)fmb+
It has been showithat the slave boson mean-field approxi-
+ (@ m+ ak_Q’m)b]> +E, fhf, (1) ~ mation produces the correct low energy physics of the con-
m ventional Anderson impurity model in the entire parameter
range affT=0. The value o\ andby is determined by mini-
mizing the free energy of the system with respect to tRém.
As a result, the saddle point equationsTatO are given by

wherea;m anday , are, respectively, the creation and anni-
hilation operators of an electron of momentkmand spin
m, —ssmss, N=2s+1. Similarly, f;, and f,, creates and
annihilates an electron on the localizeédevel, b* andb are 5 1 1/(” E+\
the slave boson operators, responsible for the hole states. bo=q- > + —J o 5 5
In a sum with primek, runs from 0 to R (kg is the Fermi TJo X TL+Ta(x)]"+ (E+))
wave number Q=(2kg, /b, /) is the best nesting vector. B
A(k)=Asin(bk)) is the unconventional density wave order bo (W x[1+Ta(X)]a(x)T
parameter, and is taken to be real for simplicity. A gap with bok = — o LT 5 de, ()

: TJo xI1+Ta(x)]°+(E+N)
cogbky), or k,—k, replacement would yield to the same
results. Our system is based on an orthogonal lattice, wittvhere a(x)=2K[1//1+(x/A)?]/VA?+x27 for x<W, 0 oth-
lattice constants,, b, c toward directiorx,y,z The systemis  erwise,K(2) is the complete elliptic integral of the first kind.
anisotl’opic, the quaSi'One'dimenSional direction isxtlheis. The case of a magnetic |mpur|ty embedded in a normal me-
The a electron system possesses a density of states, whiaRllic host can be studied with(x)=1/|x|. W=vgke is one-

varies linearly with energy around the Fermi energy, ; _\p2 T —Th2 i
N(w)/Ny=|w|/A for |w| <A, Ng is the normal state density of 2?':;?; tglgt;?ggvggthr—v ™o, I'=T'bg. The critical value

states per spin at the Fermi enetdylhe linearized kinetic-
energy spectrum ig(k)=vg(ke—kg), and the dispersion in r (M)

dx, (6)

P ; E.=——1In
the other directions can be neglected for practical purposes. c o

By introducing the spinor

(8

in the weak coupling limit(W>A). Below this value,
\If(k,m,r):( & m(7) ) (2) only the trivial solution of the saddle point equations
a-om(7) exist, namelyb,=0 and\=-E, and no Kondo effect occurs.

the single-particle thermal Green’s function of theelec- To study the more general case, when the density of

X P . states varies as a power law of energy, one must assume
trons without hybridization is obtained from E(.) as A(k)=Alsin(bk)|" sigr{sin(bk)], 0<r<c. The sign func-
tion assures the vanishing average of the gap over the Fermi
surface, and the exponent results in a density of states as
N(w)/No=|w/A|*T(1/2r) [\ mrT[(1+r)/2r]  for |w/ Al
=[iwn = &K)ps = prAK)] ™, () <1, andI'(x) is the complete gamma function. With this, the
above condition is modified as

B
G(k,iw,) =~ j drT, ¥ (k,m,D¥*(k,m,0)),e "
0

where w, is the fermionic Matsubara frequencyy's
(i=1,2,3 are the usual Pauli matrices acting on momentum r (2r+1W)

space. E.=- - In 3

9
The Hamiltonian should be restricted to the subspace
+ o The higher the value of, the lower the criticalf level en-
sz fnfm+ D0 =Q, ) ergy, and by letting — o, the case of a normal metal can be
reached with a constant density of states, wikgn-—o,
where in the true largét limit Q grows extensively witlN,  which means, that Kondo effect is always presenTaD.
i.e., Q=Ng, 0<g<1. In the original formulation of the Whenr—0, a fully gapped particle-hole condensate is re-
model,Q=1, but in order to preserve a macroscopic occupacovered withA(k)=A sign(k,), but without long range spin
tion of the f state, the above generalization was found to beor charge ordering. The saddle point equations have been
useful® It has been argued that the properties of the %pin- solved numerically, and the results are shown in Figs. 1 and
Anderson model are best representedjbyl /2 in the large- 2 for q=1/2 andq=1/6. Forcomparison, we also show the
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FIG. 1. TheE dependence of the order parametée expecta-
tion value of the slave-boson opergtas plotted for q=1/2,
W=20A,I'/A=0.1, 0.5, 1, and 2 from right to lefsolid ling), while
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HZeeman= - hE tmf;1fmv (10)

m
where the appropriate choice @f can represent the two
extreme limits®? (1) the straightforward generalization of the
SU(2) model, wheret,,=m/N and the magnetic field com-
pletely lifts the impurity degeneracy, or2), when
t,=signim), where twoN/2-fold degenerate levels are intro-
duced by the field. For large fields, the critiddevel energy
is obtained as

(3-a)

sign(3 —q) for case(2),

where E, is the critical f level energy without magnetic
field. Forg=1/2, which is thought to be the physically mo-
tivated case, an applied magnetic field enhances the critical
E, hence destroys the Kondo region. This follows naturally
from the fact, that we havi/2 states beloviE generated by
the magnetic field, so the highest occupied staté=af is
below the actuak. On the other hand, fog=1/2, by the

use a magnetic field, the system can be driven back into the

for case(1), 11

Ec~Ex+ |h|{

the dashed line represents the behavior of an Anderson impuritytrong coupling regime, but the physical realization of such a

embedded in a normal metallic host.

results assuming a normal metallic host. Aslecreased),

increases much sharper, and reaches its maximum vajue

rapidly. In spite of the different constraintg=21/2 and 1/6,

the similarity between the figures is striking, indicating that

the results hardly depend on the filling factors. As\toit

equals tdE| below its critical value, and approaches 0 as the 1

f level energy is further increased.

The effect of magnetic field can readily be incorporated

situation(i.e.,q=1/2) seems to be doubtful. Here, the high-
est occupied state generated by the magnetic field is dbove
which makes the hybridization possible again.

Ill. DENSITY OF STATES, SPIN SUSCEPTIBILITY

The Green’s function of thé electrons reads as

Gyliwy) =

= : (12
iop—E-Ntio a(w,)

into the theory by adding the Zeeman term to the Hamil-wherea(x) was defined below Eq7). The self-energy of the

tonian,

bo

FIG. 2. TheE dependence of the order parameter is shown for

g=1/6,W=20A, I'/A=0.1, 0.5, 1, and 2 from right to leftsolid

f electrons along the real frequency axis is obtained as

2r ® PRY:
2f(w+i5)=—;((A—|w|){XK{ 1—<K)]

]} ova-on(2)
(13

which exhibits the marginal Fermi liquid behavior discov-
ered by Zhancet al.® for small frequencies, the self-energy
varies as Xi(w<A)=-T[2w In(4A/|w|)/ m+i|w|]/A. For
r+1 exponent, RE;~ sign()|w|™ &0 Im 3 ~|w[*. In
general, the imaginary part of the self-energy is directly pro-
portional to thea electron density of states. From the self-
energy, the reaf electron density of statéswhich is the

+i

imaginary part of the Fourier transform of
—(T.b*(Df(Df(0)b(0)), reads as
b3 Im S¢(w)
pf(w) == _ _ _ 2 21
7m[w-E-\-Re3{w)]"+[Im 2i(w)]

(14)

line), while the dashed line represents the behavior of an Andersowhich has the same low energy behavior as ahelectron

impurity embedded in a normal metallic host.

density of states, namely around the Fermi enepgyw)
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ps(w)A

FIG. 3. Thef-electron density of states is shown for1/4,
I'/A=1 for E slightly aboveE, (solid line), E=0 (dashed ling and
E=|E.| (dashed-dotted line

~|w/A[*". Also around 4, it is expected to increase sharply
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sumably the case in underdoped highcuprate supercon-
ductors, whered-density wave andl-wave superconductor
are the dominant phases according to one class of thééries,
more structures are expected p(w). In the coexistence
region, distinct peaks from the superconducting and
d-density wave gap edge would appéatogether with
Kondo peak.

The T-matrix of the conductionfa) electrons is obtained
as

V2h3
0-E-\N-2{w)’

T(w+id) = (15
whose poles determine the impurity bound states or
resonance¥’ By closely examining the denominator of Eq.
(15), we find resonances at tlig—ivy, Qk can be identified
with the Kondo temperaturet® as was done in similar treat-
ments of the largdN limit of the Kondo modef,8%andy is
the lifetime broadening of thé level? and is shown in Fig.
5. The Kondo temperature increases almost linearly &ijth
v reaches its maximum arourie=A. For largeE, the reso-
nance appears &-iql’, identically to the case of a normal
conduction band.Alternatively, one can define the Kondo

“"2— . .
due to the divergence of the UDW density of states, but th&N€rgy ?Cape‘_l as Qi+, but it hardly differs from(y.
divergent peak is suppressed since the denominator in Eg. 1h€ imaginary part of thel-matrix, which gives the

(14) also diverges, as can be seen in Fig. 3. In fagdttA)

=0, which is invisible in Fig. 3 due to its scale. The same . 3 >
figr small energiesr~|w|™". Its detection is a very subtle

phenomenon was discussed in charge density waves in t
presence of a nonmagnetic impurfyin a Fermi gas with
power-law density of statésthese pecularities aroundA+
are absent. Abovg,, the large, asymmetric Kondo peak ap-
pears, and moves to higher frequencies, even allo\asE

is further increased. For nonlinear density of stdies 1),
the results are shown in Fig. 4 fo=1/2 and 2. AsE in-

inverse transport lifetime of the conduction electrons, is
proportional to the reaf-electron density of states, hence

issue, since the number of states having this behavior
is N(w)~ |w|, henceN(w)7~ const. The same cancellation
is found for ther # 1 case. Alsor is expected to be enhanced
around # as IM2y2/\|1-|w/Al]). The number of possible
states diverges in the same manner msresulting in
N(w)7~In?\|1—-|w/A||. For nonlinear density of states, simi-

creases, thko|*" behavior around the Fermi energy becomeslarly to the case of =1, bothr andN() diverges around the

visible. The peaks at & become less pronounced asn-
creases, since at— o the normal state results should be

gap maximum, which giveSl(w)7~In2|1-|w/A||Y2". This
behavior could be checked by experiments, although its de-

recovered. For competing order parameters, which is pretection is not an easy task, because such excitation are sup-

025

02-

0.15¢

ps(w)A

0.1}

04

0.3

03

0.25¢

02

0.15F

(8]

0.05F

FIG. 4. Thef-electron density of states is shown for1/2 (left pane) andr=2 (right pane) for q=1/2,I'/A=1 for E=-A (solid line),

E=0 (dashed linpandE=A (dashed-dotted line
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4 T i " " — w=A. As r decreases, the Kondo peak becomes sharper as
(A1 Q)M

Using Eq.(14), the low temperature specific heat is ob-
tained as

187(3)T 2

CT=0= e ot

which has the same temperature dependence as that of the
density wave. For a nonlinear density of states, the specific
heat varies asC(T)~T®* Also from the behavior of
pi(w), the low temperature behavior of the resistivity can be
calculatecP* and is obtained aR(T)—-R(0) ~ -T2 InX(T). For
generalr # 1 exponents, it decreases @22,

The local impurity spin susceptibility is calculated from

x(ion) == 2T Giliog +iog)Giliwy),  (18)

FIG. 5. The Kondo scaleQ) is plotted forq=1/2,I'/A=0.1,  Which describes the response of the system to a magnetic
0.5, 1, and 2 from right to leftsolid line). The dashed line repre- field that couples solely to the impuri§?°Its static limit at
sents the behavior of a normal metallic host. Note fiatnever ~ T=0 reads as

vanishes in this case. The inset shows the lifetime broadening, 2 1
together with normal host results. _ 2 bo—q+3
X(0) = prey| ==
E+\
pressed at low temperatures. With the help of Thmatrix, " 5
the local UDW density of states can be determined at the _ Ef (E+MN) dx) (19)
impurity site, mJo {x[1L+Ta(x)]>+ (E+N)3?

) which is shown in Fig. 8 together with the corresponding
palw) = Nops(w)(w—E—N) 771 (16) results in a normal metallic host. The susceptibility diverges
Tb? atE, indicating the transition from the Kondo to the decou-
pled free spin region, since in the latter region, it behaves as
X(T):,ugﬁq(l—q)/T. Similar behavior revealed itself in the
response of a Kondo impurity to external fiéfe82°
The imaginary part of the impurity spin susceptibility
should be readily accessible by neutron scattering experi-
ments, and is evaluated &0 as

and is shown in Fig. 6 and in Fig. 7 for=1/2 and 2 Slightly
aboveE,, a sharp resonance & modifies the density of
states. By increasing, the Kondo peak is broadened, and
the new zero ab=E+\ can completely suppress the peak at

2 [0}

Im x(w) = 217 f pr(pr(x~ w)dx. (20)
bo Jo

For small frequencies, it behaves as ytw)=I"?w?/6m(E

+\)*A?, while for nonlinear density of states, it increases as

2 Beyond the usual Kondo peak occurring arougd

an additional sharp peak shows upAat ) corresponding

to excitations around the UDW gap. Asincreases, the latter

becomes dominant, but its sharpness is smeared, as can be

seen in Fig. 9. In a pure UDW, only one single peak is

expected in Imy(w) located at A, so the presence or ab-

sence of the extra two peaks can identify the presence or

absence of magnetic impurities.

IV. CONCLUSION

In summary we have studied the screening of a magnetic
impurity in unconventional density waves. We considered an
FIG. 6. The local density of statéat the impurity sitgof UDW  infinite-U Anderson impurity in the largstlimit, when the
is plotted forq=1/4 forT'/ A=1 for E slightly aboveE, (solid line), occupation of thef level increases extensively withl.
E=0 (dashed ling andE=|E_| (dashed-dotted line Kondo effect only occurs, if thé level energy or the hybrid-
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25}

Pa (we) /No

o
&
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04}

02F

FIG. 7. The local density of statdat the impurity sit¢ of UDW is plotted forr=1/2 (left pane) andr=2 (right panel for q=1/2,
I'/A=1 for E=-A (solid line), E=0 (dashed ling andE=A (dashed-dotted line

ization matrix element exceeds a certain value, and the rewhere the transition from Kondo to weak-coupling takes
sults are almost independent of the chosen value offthe place. The dynamic spin susceptibility is enhanced at the
level occupation. The impurity density of states exhibits theKondo energy, but an additional sharp resonance is noticed
UDW coherence peaks atA+ and the usual Kondo peak. belonging to excitations from the gap maximum of UDW
The conduction electron density of states at the impurity sitestates to the Kondo peak. These features can help to identify
displays similar behavior. Moreover, an additional zero at thehe magnetic or nonmagnetic nature of impurities in
effective f level energy can suppress the UDW peakldat pseudogap phases. The present results apply to other phases
The transport lifetime of the conduction electrons is deterwith power-law density of states, since the investigated
mined from theT-matrix, and is found to diverge aé=0, physical quantities did not involve specific coherence fac-
and #A. The former is suppressed due to the small number ofors, which depend strongly on the nature of the
states possessing this kind of behavior. The static impuritgondensaté’ In future studies we plan to explore specific
spin susceptibility diverges at the criticdl level energy, quantities characteristic to the condensate.

x(0)A/p2s;
Imyx(w)A/u2s

FIG. 8. TheE dependence of static spin susceptibility is shown FIG. 9. The evolution of the dynamic spin susceptibility for
on a semilogarithmic scale faj=1/2, W=20A, I'/A=0.1, 0.5, 1,  various values of (from E=-1.25\ by 0.1A steps from left to
and 2 from right to left(solid line), while the dashed line accounts right) is shown forq=1/6, W=20A, I'/A=1. Two distinct peaks
for the susceptibility of an Anderson impurity embedded in a nor-show up abové,, and merge as one passes into the Kondo regime
mal metallic host. with increasingE. The thick line denoteg&=0.
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