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Magnetic susceptibility in the Millis-Monien-Pines model
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The temperature dependence of the susceptibility of electrons interacting with antiferromagnetic spin exci-
tations has been calculated using the Millis-Monien-Pines model. The deviation from the Pauli paramagnetism
is in agreement with the measurementsy¢T) for the normal state in the low doping region in the high-
critical-temperature superconductofS0163-182€07)01806-1

[. INTRODUCTION formed on La_,Sr,CuQ,. The results have been compared
with the density of states and f&gT smaller than the char-

The highT . superconductor€HTS) have anomalous nor- acteristic energf, (E=E, is the van Hove singularijythe
mal state properties. At the present time there are two essenalculations are in agreement with the experimental data. We
tially different explanations of the normal state of the HTS. have to mention that the linear prediction is not the best

In one class of theories it is assumed that Landau Fermidependence at small doping as it can be observed from the
liquid theory breaks down completely and an exotic metallicNMR data which are more accurate than the static measure-
state described by the Luttinger-liquid theory is realizéd. ments.
the second class of theories it is assumed that the Landau Recently Altshuleet al® reanalyzed the two-dimensional
guasiparticle concept does work but the normal Fermi liquid2D) spin liquid with a gap and one important result was that
has some peculiar properties. In this second class of theorieven in such a Fermi system, part of the magnetic response is
the most important models are the van Hove scenario devetiven by the particle-hole continuum of spin-1/2 fermions.
oped by Fridel, Labbe, Bok, and the IBM grduband the In this paper we calculated the magnetic susceptibility
Millis-Monien-Pines(MMP) model? In the model based on x(T) for the MMP taking into consideration the vertex cor-
the van Hove scenario the deviations from the usual metallicections in the self-energy due to the magnetic field. We
behavior are associated with anomalous scattering near thexpect that these corrections are important for a Fermi sys-
saddle points of the Fermi surface. The MMP model is basetem interacting with antiferromagnetic excitations. In fact,
on the existence of antiferromagnetic excitations which arévitrovic and Picket® considered this correction for the A-15
described by a dynamic susceptibility with relaxational dy-superconductors with an electron-phonon interaction, and
namics and the imaginary part of the spin susceptibilityshowed that the magnetic susceptibility is enhanced at low
Im x(q,0)~w for all g measured from the zone center. temperatures.

In the first class of theories, called non-Fermi-liquI) On the other hand, Cofféyshowed that the quasiparticle
models, the temperature dependence of the resistivity, agpectra of a 2D Fermi liquid is changed by the dynamical
well as the optical properties, can be explained if we coneffect. The dynamical quasiparticle spectrum considered for
sider that the excitations are on the low-energy scale. These 3D Fermi liquid by Corneiro and Pethickgives similar
models present many difficulties if doping effects are takereffects in a 2D Fermi liquid by introducing a term of the
into consideration and Levifgresented a scaling hypoth- form £3(p)In &(p) associated witd®In T in the entropy.
esis for the spectral density of excitations in order to explain If such a correction in the spectrum of quasiparticles is
the departure from the non-Fermi behavior of the dopedmportant for thermal properties we expect that the correc-
HTS. This idea was also considered by Barzykin and Pinestions given by the vertex are important for the magnetic re-
in order to get the phase diagram of the HTS and the maisponse. However, we have to mention that in the case of the
point of these investigations is that antiferromagnetic excitaMMP model, the results will be relevant only for the small
tions are very sensitive to the concentration of impurities. doping where the particle-hole continuum of the spin-1/2

Recently Pinsintroduced an additional contribution to fermion is well defined. In the strong doping region the lo-
x(0,0), considered initially in Ref. 4, containing the contri- calization effects*'* are important and the system is not a
bution of the excitation which has a peak at the commensu“good” metal.
rate wave vectolQ=(m,), and in this way he correlated The paper is structured as follows: in Sec. Il we calculate
magnetic and transport experiments supportingdtipairing.  the self-energy of the 2D electronic system interacting with
The unusual temperature dependence of the magnetic suspin excitations described by the dynamic susceptibility
ceptibility of HTS has been considered by Wang and Franzx(q,). The vertex correction given by the external magnetic
using the linear dependence of the density of states on thigeld was expressed by the Hartree-Fock correction in the
energy. For small doping they obtained the linear depenself-energy. This general result has been applied for the
dence of the temperatufe and for large doping they ob- MMP model and in Sec. Il we calculated the magnetization
tained a logarithmic dependencef The calculations have and magnetic susceptibility for#0. Using realistic param-
been performed using ®J model taking a spin liquid and eters for the MMP model we showed that the obtaifiéd
the results have been compared with the measurements p&orrection is important for the low doping region. In Sec. IV
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we discussed the result in connection with different calculawherer, (i=1,2,3 are the Pauli matriced) is the coupling
tions and models. constantS;(k) is the spin density operator,

Il. SELF-ENERGY AND VERTEX CORRECTIONS S0=2 ¢l pmicy, )
P

A. General expression

. - and '/ (k) is the dynamic susceptibility of the spin fluctua-
In order to calculate the magnetic susceptibility of thetions which will be considered as

electrons interacting with the antiferromagnetic spin fluctua-
tions in the MMP model we will consider in the Green’s Xij(k):X(k,iwm)5ij,
functions the corrections given by the self-energy and by the ) .
vertex due to the interactions with the external field. weWherex(k.iwp) has to be specified by the model.
neglect the vertex corrections in the electron spin fluctuation | N€ Self-energy correction due to the interaction with the
energy because it was shovthat these corrections are SPIN fluctuations has the general form
small. U2

The Hamiltonian which describes the electron-spin fluc- 3 ,(p,iwy) = — — > tij(K,iwmn) 1G(p—K,jon—iw,) 7,
tuation interaction has the form B ik

()
H=3 ¢} Le(p)—7sH]Cpq where
" tij (K,j o) = X (K,iwg) 3 @
U N . . .
- () (K)Si(—K), 1 From these equations we obtain, using the spectral represen-
2 kzlj Stx (S (k) @ tation for x(k,i w,,) andG(p,i w,), the expression
|
) © dw' (* dwiIm G(p—k,wy)Im x(p,w’) w1 '
=pU?2 - _- _= —
2.(p,o+id)=6U ; o f_x > S — tanh2T+coth2T . (5)

In a 2D electronic system we transfoffy—(27) [k dkf37d¢ and using the approximations from Ref. 9 we obtain

S (prwtis) 3U? 27 jw do’ jw dw; (2rr Imy(kK,w") 1
0tid)=—F5—7— Ty Ty ; .
1P 2m?ve Jow 2 | Jo 27 Jone 0" +o1— 008 1 (kKZ4p?)(1- 2ma, /k)?
! * dwy (2pr Imy(k,w") 1
1 1
X | tanhz= + coth —— f —-— - -
2T 2T| Jo 27 Joywe o' tortw+id [1-(k¥4p?)(1-2mw,/k)?
h 4 coth 6
X | tan ﬁ‘l‘COt E s ()

wherepg is the Fermi momentum angk- the Fermi velocity.
In order to evaluate the real and imaginary parts of the self-energy we use the Kramers-Kronig relations and the approxi-
mation

k2 2m(1)1 2 2p|:
1-—|1- ~ (7)
4p k VapZ—k2

which is valid if p=pg and w;<E whereEg is the Fermi energy. We get for the real part of the self-energy

3U? 27pg (= do; (2 Re x(k,w1) 0w~ wito
ReX(p,w)= 277 ? f_x ey L’llvF \/4p§—k2 anh 5T —tanhT (8
and for the imaginary part of the self-energy
3U? 47?pe (* dw; (2pe Imy(k,wq) w1 Wi~ 0wt o
Im El(p,w)— - W T J;) E fml/uF m 2 cothﬁ—tanh T tanh T 9

The vertex corrections given by the external magnetic fi¢ldives the contribution

2 —_—
Ev(p,iwn)=—%; > > x(p—Kiwy—ionH731G(k+qiontio,)GK,iopn T, (10)
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whereH_=,uBH and for the Green’s function we will také=G,. Using now the identity

Go(k+0,iomtiw,)Gok,iwn) =

S0 st Tar [Golkt dintion) = Go(K,iwy)] (1D)

and the spectral representation fpand G, we get from Eq.(10) the general expression

— d’k 1 *» dw' [* dw;Im xy(p—KkK,wq1) | IMm Go(k+0,0") Im Gy(k,w")
3 (piog=HrU?[ o3 [ S0 [ Sa B Son T EIEA ) MO0 1
2m) BN J-o 7 ) T iwp—ion—w, | iogtio,—o ion—
In this expression we can perform the summation oweand we get
— d’k (> do' [* do;Im y(p—k,o")Im Gy(k,w;) ) '
Lo 2 Jo" do, IM ¥(P—K, olK,wy w1 -
3, (piwy)=2H73U J 2n)? wa > J,m > (PRrp—. tanh2_|_ coth 57| (13
|
Takingiw,— w+id in Eq. (13) we can see that ® 1
Im x(K,w)=xo(T) — ——575>. 21
o X( (,()) XQ( ) wSF(1+ §2k2)2 ( )
2,(pw)=- ERAES 21(p,w), 14 The integral over, can be performed and we get
an equation which gives the vertex correction due to the % w1 Wi~
external field as a function of the self-energy correcfign fo dwywy| 2 cotho=—tanh—
Using these results we can calculate the magnetic suscep-
tibility for a model which is in fact defined by(k,w). 0+
—tanh AT =w?+(7T)?,
B. Self-energy for the Millis-Monien-Pines model )
) , which leads to the result
We consider the low-energy region where
mU? 1+ 2p2é&?
<T<wgf, 15 =—[w?+ 2 —_— .
| w . wsE o ( ) Im3;=—[o°+(7T)"] Dwer xq(T) (1+4p2ed)?
wge IS the energy of the antiferromagnetic spin fluctuations. (22)
The dynamical susceptibility(k,w) for the MMP model has Using now Eq.(15) we approximate Eq22) as
the fornf
__ 2
D s IM1(pe) =~ w3B(Pe), (23
A 1+ =i (wlwsp)’ where
where xo(T) is a temperature-dependent contribution gnd 3 N(0)U? 1+2p,2:§2
is the antiferromagnetic correlation length and is also tem- B(pr) = 2w XU ey (24)
wsF (1+4pgé”)
perature dependent.
In this region we approximate
Il. MAGNETIZATION
hwl—w hwl+ w w 17 AND MAGNETIC SUSCEPTIBILITY
tan —tan =
2T 2T T A. Green’s functions
and Eq.(8) becomes In order to calculate the magnetic susceptibility we calcu-
late the Green'’s functions from the equation
ReX1(w,Pr) =~ 30A(PF), (18 ] A
where Gfl(p,lwn)=lwn1—8(p)l+ HTS_E(p:“Un)a (25
where
U2N(0)  xo(T) . . .
APE) =3 s apte (19 S(pii@n) =Za(Piiwy) + X, (pii wp) (26)
and
The imaginary part of the self-energy given by E®).can ~ ~ R
be evaluated using as Si(piiowy)= —3Aiwn1—iw§FBl sgnw,
ol ose S, (P @) =HT3A, (27)

Im x(kK, @)= xq(T) V) > (20
+ +
(1+ &%) (olos) where we considereA=A(pg) and B=B(pg). From Egs.
and for w<wgp we take (25—(27) we get
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1 and the magnetizatioll! (T,H) will be defined as
G (piwn)= = ~———=—, (28
+(Prlen) 1+3A [iw,—5(p)+iB]1+H7s @9 .
M(T,H):MBE {— 2 Tr 73G_(p,iwy,)]
1 p | B wn<0
G_(piw,)= — =, (29
) = A o2 iR As, 22 1
+— i .
where ,Bwéo Tr{ 3G (p,iwy)] (30)
z(p)= e(p) g:_l_A B=w? B In this equation we can perform the summation owgrand
P=173A 1+3A° SF1+3A we get
|
MmB * B B
M(T,H)=— ——— fdzfz — —_— —— — . 31
(T 7T(1+3A)Ep — (){[z—s(p)—H]zﬂ—Bz [z—2(p)+H]?+B?2 @D

B. Magnetic susceptibility
The magnetic susceptibility(T) defined as

T (aM(T,H)) 32
Y(T)=| ——
JH H=0
was obtained from Eq31) as
Aus — — * —z(1+3A
xM=-"L2 S Ba-a) | dat op- 21 33
m P — {[e(p)—2z(1+3A)]2+B%?2
whereB_=w§FB andf(z) is the Fermi distribution function.
In order to perform the integral overin Eq. (33) we approximate for low-temperature values
% Z_SF
exp — T , Z>8|:,
f(2)= o Jeed (34
exg— z<e
and
© -2z(1+3A
|(s)=f dzf(z) — P TZATIA) (35)
—o {[e(p)—2(1+3A)]*+B?}?
becomes

I 1 -1 +f°° due™ +f0 dué
T 2(1+3A) | [e(p)—ep(1+3A)12 Jo [e(p)—(Tut+ep)(1+3A)2+B2  J-w [e(p)—(Tutep)(1+3A)]2+B2
(36)
and in the limit of small temperature E(B6) will be approximated as
1 1 4(1+3A)2T2 1
| = —|1- — . (37)
2(1+3A) [e(p)—ep(1+3A)]>+B? [e(p)—er(1+3A)]%+B?
From Egs.(33) and(37) we obtain
e 42 > B(1-A) 1 L 4(1+3A)2T2 -
X(M=— 5 1+3A [e(p)—er(1+3A)12+B2 | [e(p)—ep(1+3A)]2+B2|
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If we transform the summation overin Eq. (38) in a 2D 10
integral we calculate the magnetic susceptibility as .
. UN (0)=0.45
T 4A  2(1—A)(1+3A) 08¢
x(M —1— _21-AC T2, (39 ® UN01=0.7
x(0) 1+3A B2 °
where x(0)=pu 2N(0) is the Pauli susceptibility. From this EM i A UN10)=09
equation we can see that the first correction to the magnetic 2
susceptibility due to the electron-spin excitation interaction T,‘"
is quadratic in temperature, and 1dr=0 we obtain the Pauli 2 04
paramagnetisny(0)=u 3N(0). ® ,
In the approximationp&>1 the parameter$\ and B
given by Eq.(9), respectively, Eq(24), becomes 02}
U*N(0) 8 e
T XM, (40 "0 100 200 300
T (K)
37U~N(0) XQ(T) FIG. 1. Comparison of the calculated susceptibility to the ex-
2 i h Iculated ibili h
= " 8peE p (41)  perimental data of Refs. 11 and 12. Fits of the susceptibility for

different values ofUN(0) correspond to the Sr concentration as
where xo(T) is given in the MMP modélas follows: x=0.08[UN(0)=0.9], x=0.12[UN(0)=0.7], andx=0.15
[UN(0)=0.45].

— 2
Xo(T)=ag™(T), (42) have the dynamic susceptibility(q,w). This result, which
where« is an independent temperature constant. The cohe€an be applied to other models, has been applied for the
ence lengthé(T) is given in this model by MMP model. In this modek(q,w) is considered of the form

given by Eqg.(16) and in fact all these calculations have a
phenomenological character due to the form of the dynami-
2 S cal susceptibility. However all the calculations can be per-
-, (43 )
. T+0 formed analytically, even for the 2D system, and we ob-
tained atT=0 an enhancement of the susceptibility which
where®=100 K anda is the lattice constant. If we take for depends on the parameters of the MMP model and the elec-
wsr=350 K, in the condition of Eq(15), where we can take tron excitation interaction. Fof #0 the correction is qua-
the results from Ref. 10 which are well approximated bydratic in temperature and is also dependent on these param-

&(T)

a

°_[¢€

a

¢ }(T)—0, we can approximate E¢39) as eters. We mention that for a free-electron gas such a
correction is given by the temperature dependence of the
2 chemical potential but in this case it is very small because
x(M =1— A " iz (l) (44  has the order ofKBT/EF)Z.
x(0) 1+3A 37" |wsp This calculation is expected to be relevant for the small

The temperature dependencexdf) is given in Fig. 1. Us- doping region where Fhe cpherence Ieng(ﬁ') is not af-
ing for x(0)=0.95x10* emu/mol we calculatg(T) for dif- fected very much by impurities. The density of states was
ferent values otUN(0). also considered as a parameter but we considered values of

The experimental data obtained in Ref. 8 forUN(O) which are realistic for HTS. The linear and logarith-

La,_,Sr,CuO with 0.08<x<<0.15 represented in Fig. 1 are in mic dependence obtained in Ref. 7 can be given by the ap-

good agreement with our calculations and showed that thBroximations in the density of states and it is expected if the
density of state®N(0) is decreasing with the tendency of the energy spectrum gives van Hove singularities. Our compari-
localization effect14 observed in the transport measure- SO With the experimental data was presented only to show
ments. Our calculations will be modified to take into consid-tN€ rélevance of the vertex correction in the problem of in-

eration at the same time the temperature and disorder depe‘i"f’-r"’mtm_g electrons  with mggnetic excita.tions. The M.MI.D
dence of the magnetic susceptibility. model is the most appropriate for this aim but a realistic

calculation has to consider the van Hove singularities in the
2D spin-excitation model as was suggested in Ref. 15. The
generalization for the layered model could also improve the
We calculated the magnetic susceptibility of a 2D electrorrelevance of the present calculations.

gas interacting with antiferromagnetic excitations taking in

the spectrum of the energy excitations the vertex corrections
due to the magnetic field. This contribution to the self-energy
has been expressed by the Hartree-Fock self-energy of the This work was supported in part by the research program
electrons interacting with the magnetic excitations whichof the Ministry of Education through Grant No. 1420.

IV. DISCUSSION
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