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Spin-lattice relaxation in the mixed state of the highT . cuprates:
Electronic spin-flip scattering versus spin fluctuations
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Recent experimental and theoretical studies have established that the spin-lattice relaxation, naeal/
sured in nuclear magnetic resonarit®R) experiments is a site-sensitive probe for the electronic spectrum in
the mixed state of the high; cuprates. While some groups suggested that 1¢ solely determined by
spin-flip scattering of BCS-like electrons, other groups stressed the importance of antiferromagnetic spin-
fluctuations. We show that these two relaxation mechanisms give risgualiatively different temperature
and frequency dependence b0 1/T;. A comparison of our results with the experiment&D 1/T; data
provides support for a relaxation mechanism dominated by antiferromagnetic spin fluctuations.
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Recently the temperature and frequency dependence @krature. Though a comparison of our theoretical results with
the %3Cu and 'O spin-lattice relaxation rate T{ in the the available experimental data suggests that the spin-lattice
mixed state of YBaCusOy.. , (YBCO) has been the focus of relaxation rate in the mixed state is dominated by the ASF
intense experimental efforts? It was first shown by Curro mechanism, further experiments are required to test the pre-
et al. (CMHS),%? and subsequently by Halperit al* that  dictions presented in this paper. To the extent that future
170 1/T, in the mixed state of YBZ w0, increases with ~€xperiments confirm our conclusion, it immediately implies
increasing resonance frequency, i.e., with decreasing dighat the relaxation rate oCu is as well dominated by an-
tiferromagnetic spin fluctuations due to its even more favor-
able hyperfine coupling.

We begin by shortly reviewing the theoretical models for
an ESF and ASF based spin-lattice relaxation rate; a detailed

tance from the vortex core. Preliminary results of Milling
et al® show a qualitatively similar behavior for th&Cu
relaxation rate in YBCO. CMHS were the first to point out

that this frequency dependence of larises from the pres- account is given in Refs. 5—7. For ESF relaxafiome con-

ence of a supercurrent, which gives rise to a site—specifigider the model of Ref. 7, whose results are in good qualita-
density of states, and consequently a site-specifig. IThis t"ve with those presented, in Ref. 5
a

interpretation receives strong support from the experiment The general expression for tH&O spin-lattice relaxation

observation that the frequency dependence Of Misap- g 17, with an applied field parallel to the axis is given
pears above the melting temperature of the vortex lattice. |

Several theoretical modélg have been suggested to ex-
plain the experimentally observed frequency dependence of 1 ke ., ,1 - X"(q,w)
1/T,. Using a weak coupling approach, it was argued in TT 27 WY > Fo(q)lim " 1)
Refs. 5,7 that 17, for ®3Cu arises solely from electronic spin ! d @=0
flip (ESP scattering of BCS-type electrons. In contrast, Morr,ynare
and Wortis(MW)® proposed a strong coupling scenario in
which z_intifer_romagnetic spir_1 fluctuation&SF) and their_ FO(z)(Q)ZCZ 09 q,/2)2 FO(3)(q):C2 cos(qy/2)2,
interaction with the electronic degrees of freedom provide 2)
the dominant contribution to th&*Cu spin-lattice relaxation
rate. MW also conjectured that the combined temperatur€ is the 'O transferred hyperfine coupling constant, and
and frequency dependence off {/can distinguish between O(2)[O(3)] is the planar oxygen nucleus which is located
relaxation due to electronic spin-flip scattering and relaxatiorbetween two Cu nuclei along they) axis.
due to antiferromagnetic spin fluctuations. Within the ESF approach the spin-susceptibility in the

In this paper we present detailed predictions for the temsuperconducting state, neglecting final state effects, is given
perature and frequency dependence of @ spin-latice by x=2, where
relaxation rate in the frameworks of the weak coupling ESF
and strong coupling ASF approach. We show that due to the
specific form of the'’O hyperfine coupling, the temperature
and frequency dependence of tH® 1/T, for ESF and ASF
relaxation isqualitativelydifferent. In particular, we demon- +F(KiQmF(k+0,iQpn+iwg)}, (€
strate that for the ESF mechanismT lincreases monotoni-
cally with temperature and possesses a large distribution CE

z(q,iwn):—TkZ {G(K,i Q) G(K+qi Qptiwp)

nd G and F are the normal and anomalous Green’s func-

values, for a given resonance frequency, close to the vorte ons

core. In contrast, for the ASF relaxation mechanism, we ob- 2 2

tain a well-defined relation betweenT}/and resonance fre- G(k,iQ,)=- Uk : Ui
quency, and a nonmonotonic dependence @ Jin tem- Q=B iQntEy]
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In the limit that the supercurrent momentym varies on a
length scale larger thanki{, the dispersion of the fermionic 1o 1
quasiparticle€, up to linear order img is in semiclassical
approximation given

Ex= Ve + A+ Ve(k) - ps, 5) sor

where ¢, is the electronic normal state dispersiofy,

=A[ cosk,)—cosk,) /2 is the d-wave gap, andvg(k)

= de,/ k. Following MW, we neglect the electronic Zeeman 0 - ; "

splitting which for typical applied fields is much smaller than 4695 48975 4500 49.025 49.05 49.075 4910 49125

the second term in Eq5), the so-called Doppler shift, as

well as any effects of the supercurrentfp, u,, andv, .*°
Spin relaxation due to the ASF mechanism is described

spectrum

4000

(b)' ESF :&3

| o
by the spin-fermion mod&! where the spin susceptibility 3000 spectrum I
is renormalized by the interaction with low-energy fermionic
degrees of freedom and given by H
2000 | I:P
_ — [=]
X 1:Xo LI (6)
Here 1000 |
-2
Bt HamQ) - .
0 (24 ' 28 ..‘.': 49100 49.025 49f05 49.075 49.10 49.125

. . 2
is the bare propagatog, is the bare magnetic correlation Hie (in units of ¢ /1)

length in units of the lattice constaap, « is a temperature
independent constar@= (7, #7) is the position of the mag- FIG. 1. O spectrum(solid line together with ’O(2,3)
netic pea_k In moment'um spg}feandHI is the bosonic self- (1/T4T) as a function of local magnetic field,,., for T=1 K. (a)
energy given by the irreducible particle-hole bubble. A SU-Aqr mechanism antb) ESF mechanism.

percurrent affectsy only throughII, which is calculated
using second order perturbation theory in the spin-fermion,

ere f| ,Di.A, andv, are defined in the Appendix,
couplingg, and one obtains (dn,m):Dm va op

and the sum runs only over those nodes with,D,<0.
M=g%s ®) Since the supercurrent in general breaks the lattice symme-
' try, the Q2) and Q3) relaxation rates are expected to be
with X in Eqg. (3). In the limit »—0, Rell is only weakly different, as we shall discuss below. In contrast, in the high-
momentum dependent and can thus be included in a renotemperature limit |[D,,/T|<1 for m=1---4) one has
malized but momentum independent correlation lergih

Eq. (7). 1 77(

For both the ESF and ASF mechanisms, we are thus left T '3
with the calculation of In® which for «—0 is dominated
by particle-hole excitations in the vicinity of the supercon-and we recover the temperature dependence of the relaxation
ducting nodes. Expanding, up to linear order in momen- rate in the absence of a supercurrent.
tum around the nodes, we can perform the momentum and A site specific relation between the resonance frequency
frequency integrations in E43) analytically. Combining the  Awv(r)=vy,iH(r), where y, is the O nuclear gyro-
resulting expression for B with Egs.(1), (6), and(7) we  magnetic ratio andH(r) is the local magnetic field, and
obtain the spin-lattice relaxation rate presented in &q.) 1/T, is obtained via the local supercurrent momentum
of the Appendix. For our subsequent discussion of the ESlp(r)~V X H,(r); a relation which is valid even in the
and ASF mechanism it is necessary to briefly review thepresence of nonlocal as well as nonlinear correctiSiiol-
form of 1/T; in two limits. A low temperatures where lowing MW, we restrict our discussion of the relaxation rates

2 4
) > Fdnm (10)

UFUA) nm=1

|D,,/T|>1 form=1---4, one obtains from EqA1) to nuclei which are further thaR>2¢,,, from the center of
5 . the vortex core(where &,,, is the superconducting in-plane
i:A 1 0y )| DD+ i coherence lengit* We consider a hexagonal vortex
T,T vrvs) & |7 Gnm){ PmPaT T3 lattice'>'® and use the parameter sei~0.4 eV, v,

~20 meV, andé~2 7 which was shown to describe fermi-
onic and magnetic excitations in YBau;0,.512
In Fig. 1 we plot the’O spectrurf which describes the

7T2T2

+-7:(qn,m+2)(DmDn_ 3 +O(eDm/T)- (9)
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distribution of local magnetic fieldsolid line) and 1’0(2,3)
1/T,T (open squargdor (a) the ASF mechanism arth) the

ESF mechanism as a function bfi,, i.e., resonance fre-
guency. Nuclei at the highest frequencies are located at a
distance Z,;, from the center of the vortegnuclei closer to

the vortex core have been omitted, see above discuyssion
nuclei at the lowest frequencies are in the center of a vortex
triangle, those at the maximum of the spectrum are at the
midpoint between two vortices.

For both relaxation mechanismsT1T increases with in-
creasing resonance frequency, i.e., decreasing distance from
the vortex core, similar to the results obtained in Refs. 5-7
for 83Cu. ForT=1 K, the relaxation rate for practically all
nuclei is given by I, T~pZ, Eq. (9), and since|py| in-
creases with decreasing distance from the vortex carerl/ (b)
increases consequently. HowevefT IV for the ESF mecha- y
nism exhibits a large distribution of values for a givédqp,,
in contrast to I, T for ASF relaxation. Nuclei with the
same resonance frequency can in general possess different q)
relaxation rates, since IT depends not only on the mag-
nitude ofpg, but also on the angle between the direction of X
the local supercurrent and the crystal axes, i.e., the Fermi
velocity vg at the nodal points, Eq9). It is exactly this
angular dependence which for ESF relaxation leads to the
large distribution of values for T/ T. The absence of such a
large distribution for the ASF mechanism is due to the anti-
ferromagnetic enhancement factae., the Stoner enhance- . ) o
meny in the denominator of EqA3). FIG. 2 (a) Fermi surface and particle-hole e_xcnatlo(miashed

The Stoner enhancement favors particle-hole excitation&TOW With dn m=ki s (nodes of the superconducting gap are shown
which connect nodes at opposite sites of the Fermi surfacgs dotted lines (b) Angle betweerp; and the crystak axis.

(F9), i.e., with large momentum transfey, =k, [see Fig. )
2(a)]. Due to this enhancement, the second term on the righiereéfactorsAsse and Agsg, for ASF and ESF relaxation are
hand sideRHS) of Eq. (9) yields the dominant contribution different[see Eqs(A2) and(A3) in the Appendi} and only

to 1/T,T for ASF relaxation in the low-temperature limit, insufficiently known such that a direct comparison of ;I
and one obtains in Figs. 3a),3(b) in absolute units is not possible.

In contrast, 1T, T for the ESF mechanism increases with
1 2 - e increasing temperature at all resonance frequencies. At low
ﬁ”A( ) Fk)(Veps—27°T43). (1D frequencies, i.e., in the high-temperature limit, this follows
directly from Eq.(10). At higher frequencies, i.e., in the
Thus the leading temperature contribution t@ I/ is inde-  low-temperature limit, an analysis of E() shows that due
pendent of the angle betwegg and the underlying lattice, to the 'O form factors, the first term on the RHS of HE)
and the narrow distribution of T{T seen at higher frequen- dominates IV, T which therefore also increases with increas-
cies for ASF relaxation arises solely from subleading contriing temperature. Consequently,TIT does not exhibit a
butions including particle-hole excitations with small mo- minimum as a function of the local field as was the case for
mentum transfer, e.g., with, ,=Ks [see Fig. 2a)]. ASF relaxation. Note also that the distribution of values for
In Fig. 3 we present the relaxation rates of the two planail/T,T decreases as the temperature increases, since in the
oxygen nuclei 1’0(2,3) for three different temperatures high-temperature limit the relaxation rate becomes indepen-
(while the 30 and 60 K curves are horizontally offset for dent of resonance frequency, i.e T {T~T2. The spin relax-
clarity, the right end points of all curves correspond to theation rate thus possessesalitatively different frequency
same local field at a distance& g, from the vortex corg and temperature dependencies for the ASF and ESF mecha-
The temperature dependence off IV in the ASF ap- nism, the origin of which lies in the antiferromagnetic en-
proach[Fig. 3(@] is similar to that of®*Cu shown in Fig. 2 hancement factor in the denominator of E&3) which is
of Ref. 6. With increasing temperature,T1T at high reso- only present for ASF relaxation. We next compare our the-
nance frequencies decreases, in agreement with(Ek,  oretical results with the experimental data ¥®(2,3) 1T, T
while at low frequencies T4 T~T?, Eq.(10), and the relax- by CMHS? which we present in Fig. 4.
ation rate increases. As a resulfl{T possesses a nonmono- The experimentally measuredT4T increases with in-
tonic dependence on the local field, as shown by the miniereasing resonance frequency, in agreement with our theoret-
mum in the relaxation rate for intermediate frequenciesjcal results in Fig. 3, decreases betweg&s5 K and
which was discussed in detail in Ref. 6. Note that the overallf=10 K with a larger reduction at higher frequencies, and

UVEUA
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150 - - - tively with our theoretical predictions for T{T in the ASF
approacHhsee Fig. 8)], spin-diffusion, impurity effects, and
vortex vibrations® can potentially contribute to the spin-
lattice relaxation and thus complicate the analysis of the ex-
perimental data within the ASF or ESF approach. While it
was arguefithat spin diffusion is strongly suppressed by the
inhomogeneity of the magnetic field in a vortex lattice,
CMHS concluded from the different temperature dependence
of the apical and planar oxygen relaxation rates, that for
T=25 K vortex vibrations are irrelevant for the relaxation
of 170; thus the relaxation arises solely from the electronic
or magnetic mechanisms discussed above.T=oR5 K, the
O SR 4885 4390 4mos 4900 4905 4840 405 apical and planar oxygen relaxation rates exhibit the same
. . 2 linear temperature dependence, however, the plafgrid/
Floe (i1 URLS 0F /. ) still considerably larger than the apicalTl/ Though this
5000 ' ' ' result does not exclude the possibility that vortex vibrations
contribute to the relaxation process below 25 K, it suggests
, that the relaxation mechanism is still dominated by
ﬁ electronic/magnetic excitations. Clearly, further measure-
u]
m

Y
o
o

[
o
T

1/T,T (in A, .C?)

4000

ments of 1T, T are required to study the various relaxation
mechanismé® However, to the extent that the effects of vor-
tex vibrations and impurities are negligible at low tempera-
tures, the experimental data in Fig. 4 support a predominant
ASF mechanism of the spin relaxation in the mixed state.
Since the supercurrent in general breaks the symmetry of
the underlying lattice, one expects different relaxation rates
S ) . for O(2) and Q3) for a given direction ops. An experiment
%68 4885 4890 48.95 49.10 49.15 which is able to reveal this difference in the relaxation rates
: : 2 is a nuclear quadrupole resonan@®QR) measurement in
Hioe (in units of ¢5/A ) which the dir(gction or; a uniform supercurrent is varied.
FIG. 3. 1'0(2,3) (1,T) as a function of local field for three In Fig. @ we plot 1T,T for the ASF mechanism as a
different temperaturesa) ASF mechanism(b) ESF mechanism. function of the anglej between the supercurrent momentum

The 30 and 60 K curves are horizontally offset for clarity. ps and the crystal axgsee Fig. 2b)]. It follows from Eq.(9)
that in the limit T—0, O2) and Q3) 1/T;T possess the

: B _ _ ‘ same angular dependence. This identical behavior again re-
increases between—=10 K andT=40 K. No evidence for g5 from the Stoner enhancement, since for the dominating
a distribution of relaxation rates at high frequencies Waarticle-hole excitations with large momentum transfgy,
found so far, however, a further quantitative analysis is still_ k, (see Fig. 2, the form factor$(q;, ) for O(2) and Qé)

" n,m

requilréad to determine an upper bound for the spreaq i'?:lre the same. With increasing temperature, the relaxation
1T, Though both experimental features agree qualitataes for @2) and G3) begin to deviate, since excitations

with smaller momentum transfer become increasingly more

3000

(in A_,.C?)

T

2000

1/T

1000 <

6 important, however, the maxima and minima of2Dand
O(3) L/T,T still occur at the same anglé.
e B The relaxation rates of @,3) for the ESF mechanism
— [Fig. 5(b)], are also identical in the low-temperature limit, as
czn 41 follows directly from Eq.(9). However, with increasing tem-
S—r perature, the angular dependence df, I/ for O(2) and Q3)
L‘-(’D 3 is out of phasethe minima of @2) 1/T,T coincide with the
— maxima of @3) 1/T,T. To demonstrate that this “phase
— 2f shift” originates from the different form factors of (@,3),
I— Eq. (2), we consider the cas¢= 7. One then has from Eq.
|:" 1 (9) for O(2)
—
%6 482 483 48.4 1 14 co2(KY2) (D24 D2 2D. D
Frequency [MHz] .7 LLtcos(ki/2))(D1+D5+2D1Dy)
FIG. 4. Experimental data for th#O spectrum(solid line) to- +4[1—COS"(k|X/2)]772T2/3, (12
gether with (17, T) as a function of resonance frequency for three
different temperatures. Data are taken from Ref. 2. whereas for @B) one obtains
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25 available experimental data from Ref. 2 suggests that the
- s N ASF m_echanism QOm_inates .the relaxation rate. To the e?<tent
Ca) s NN //,’,' AN that this conclusion is confirmed by future more detailed
e s N N experiments, it implies that the relaxation rate®3€u in the
R N N mixed state is also dominated by the ASF mechanism, in
<C —--0(2) T=50K contrast to the scenarios pursued in Refs. 5,7. Finally, we
c === 0(3) T=50K propose an NQR experiment in which the direction of a uni-
~ form supercurrent with respect to the crystal lattice is varied
= and predict a unique angular dependence af, ¥br O(2)
t and 43).
- — 0(2,3) T=1K --—-- O(3) T=30K
(a) ASF — - 0(2) T=30K It is our pleasure to thank N. Curro, W. Halperin, C. Mill-
100 s ing, D. Pines, J. Sauls, R. Wortis, and especially C. P. Sli-
n n chter for valuable discussions. This work has been supported
1000_\ _____ N ] by the Department of Energy at Los Alamos National Labo-
& S~ T ~o L7 ratory.
QO 800L__._.—- M e P e
& ——-0@)T=50K  —-— O(3) T=50K APPENDIX
<C 600~ i .
c e T S T The ggneral form for I, T in the presence of a supercur-
= = = e - rent is given by
g 400 W : .
t ﬁ:A(v v ) 2 {f(qn,m)Gl(Dvan:T)
— 200+ 0@3) T=1K  ooee 0(2) T=30K 1 1 FUA/ nm
0 (b) ESF — = O(3) T=30K +f(Qn,m+2)Gz(Dm an ,T)}, (Al)
0 /2 T whereD ,=v{™. p,, v is the Fermi velocity at the node in
¢ the mth quadrant of the Brillouin zone,,=|JA, /K| at the

nodes, andj, , is the momentum connecting nodeandm.
FIG. 5. Y0(2,3) 1T for p;=0.02 and three different tem- For ESF scattering we find

peratures as a function of the angbebetweenpg and the crystak

axis[see Fig. 20)]. (8 ASF mechanism(b) ESF mechanism. Aes=ASks(A2ynve)(21),
1 =F , A2
——~[1+c03(K/2) (D} +D3+2D,D,) +O(T*). FesGnm) =Fo3(dnm) (A2)
1 (13 while for the ASF mechanism one has
For T=0 we indeed find that the @,3) relaxation rates are Ansr=AS(ag)?ke(h2ynye)®l (21),
identical, while forT>0 (and ¢=) O(2) 1/T,T is larger
than Q3) 1/T,T, in agreement with our numerical results in Fo.3)(Anm)
Fig. 5. Faseltnm) = =5, (A3)
Finally, the overall scale of TAT within the ESF and L€ (Gn,m=Q)"]

ASF approach depends on a variety of parameters, e.g., thehere AS is a measure of the momenta in the magnetic
hyperfine couplindC, the magnetic correlations lengéhthe  Brillouin zone which scatter between the superconducting
detailed form of the Fermi surface, etc., and is thus onlynodes and are relevant for the relaxation process. Si&e
insufficiently known. In contrast, we find that the frequencydepends strongly on the exact form of the Fermi surface in
and temperature dependence of IV are features which are the vicinity of the nodes, it is only insufficiently known. For
qualitatively robust against changes in these parameter&SF and ASF relaxatiorG, , is given by

Thus our predictions for the qualitative differences between

the ESF and ASF relaxation mechanisms are valid for all DD+ € 2

cuprate materials, ando notdepend on any fine-tuning of ~ G1(Dm.Dn.T)= ——=z—Ne(e)+ &=
parameters.

In summary, we present a theoretical scenario for the D,+Dp,
spin-lattice relaxation rate of’O in the mixed state of the + T
high-T. cuprates. We consider T for two relaxation
mechanisms: one based on electronic spin-flip scattering of —ZJE/Td A4
BCS-type electrons, and one due to antiferromagnetic spin 0 XX e(X), (A4)
fluctuations. We show that the predicted temperature and fre-
quency dependence ofTl/ differs qualitatively for these two where ng(e)=[exp(T)+1] ! is the Fermi function,e
mechanisms. A comparison of our theoretical results with the= maxD,,,D,,,} and

6[1_-:F(€)] I[ne(o)]
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DD D,\? Dm|?
G2(Dm,DnT) =~z [Ne(Dm) —Ne(—Dy)] _ln[nF(Dm)]]+ 7) nF(—Dn)—(7) NE(Dm)
Dy=Dp| Dalne(—=Dp)—1] _ ~bn/T -
+ T T ZfDm/T dxxne(x) for D,+D,=<0,
Dm[nF(Dm)_l]

HInine(=Dn) ]+ T G,(D,,D,,T)=0 for D,+D,>0.  (A5)
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