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Glassy Spin Dynamics in a Stripe Ordered Cuprate System 

N. J. Curro 

Condensed Matter and Thermal Physics, Los Alamos National Laboratory, Los Alamos, 
NM 87545, USA 

ABSTRACT 
The unusual glassy dynamics exhibited by the spin fluctuations in the stripe-ordered cuprates can be quan- 
titatively measured by La nuclear magnetic resonance. We analyze the spin lattice relaxation data in the 
low temperature tetragonal structural phase of La1.8--zE~0.2SrsC~04 and find that there is a distribution of 
local fluctuations times, with a Vogel-Fulcher temperature dependence. Furthermore, the data are consistent 
with a stretched exponential form for the dynamical spin correlation function, typical of glassy systems. 
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1. INTRODUCTION 
Several doped transition metal oxides exhibit unusual properties associated with heterogeneous charge order. 
Of particular interest are the cuprates, which become high temperature superconductors within a certain 
doping range. Charge stripe correlations may play a crucial role in the mechanism for the superconductivity,l 
yet detailed information about the microscopic structure of the charge order as well as the dynamics of this 
stripes have remained elusive. Nuclear magnetic resonance (NMR) probes the local, low energy spin and 
charge fluctuations at the nuclear sites, and provides important clues to charge-stripe dynamics. 

The La2-,SrZCu04 materials are ideal for NMR investigations of the stripes since each of the La, Cu and 
0 nuclei are NMR active and each provides different information about the same low energy fluctuations. 
The principle element of the Laz-,Sr,Cu04 structure consists of two dimensional Cu02 sheets with strong 
antiferromagnetic interactions. In the parent material the insulating CuOz planes have S = 1/2 spins 
localized on the Cu sites, which experience a Heisenberg interaction with J - 1500K. Although the Cu02 
plane is 2D, a weak interplane interaction gives rise to long range order at TN -300K. This long range 
order is quickly suppressed with hole doping. Naively, one expects that the doped holes go into the 0 p 
orbitals. The holes can then delocalize, form singlets with the localized Cu spins, and create an effective 
one-component conduction band.2 However, extensive neutron scattering (NS) as well as nuclear magnetic 
resonance (NMR) studies have indicated that the holes are not homogeneously distributed throughout the 
CuOz 

Theoretical studies of holes in an antiferromagnetic background indicate that the holes experience an 
efTective short, range at,traci;ion because of the large cost of brea.king magnetic bonds between Cu sites. On 
the other hand, the Coulomb repulsion between the poorly screened holes will prevent macroscopic phase 
separation. Several theoretical models predict that the result of these competing orders is a mesoscopic 
structure in which the holes collect along one dimensional stripes with a doping dependent interstripe spacing 
e =  1/(2s), and between the stripes, the Cu spins retain their antiferromagnetic 0 r d e r . ~ 8 ~  Signatures of the 
stripes have been inferred experimentally from neutron scattering measurements of the spin and lattice 
superlattice  peak^,^ from phonon dispersion measurements,6-8 from pSR ~ t u d i e s , ~  and from La and Cu 
NMR measurements.lO~ll However, the conclusions of all of these works have been based on the indirect 
effect the charge order has on either the lattice or the spins. Recently, direct evidence for heterogeneous 
charge order has come to light from NMR studies of the oxygen in L ~ ~ . ~ - , E U O . ~ S ~ , C U O ~ . ' ~  

One of the most intriguing aspects of this mesoscopic charge heterogeneity is the dynamics of the ordering. 
In fact, the charge stripe order appears to exhibit a glass transition characterized by an exponential number 
of metastable configurations. 13$ l4 The temperature dependence of the characteristic spin fluctuation time 
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appears to follow the Vogel-Fulcher law r - eEoIT-Tg over thirteen orders of magnitude in frequency, and is 
cha.racterized by a distribution of activation energies l5-I7 Although numerical simulations have begun 
to capture the unusual behavior of the melting of a stripe lattice," a microscopic understanding of the 
distribution of activation energy barriers as well as a detailed understanding of the elementary excitations 
is lacking. 

In this paper we will discuss La and Cu NMR data in the low temperature tetragonal (LTT) phase 
of L a ~ . 8 - z E ~ 0 . 2 S r z C ~ 0 ~ ,  where the stripes become static at low temperature. The NMR data provides 
information about the distribution of activation energies as well as the temperature dependence of the 
correlation times. We conclude that the spin fluctuations are inhomogeneous, and exhibit a Vogel-Fulcher 
temperature dependence. , 

2. RARE EARTH CODOPING 
La2-,SrZCu04 the prototypical high temperature superconductor, consists of single planes of CuO6 octa- 
hedra intercalated by La(%). At high temperatures, the material possesses the high temperature tetragonal 
(HTT) structure (14/mmm), but at THT(S) undergoes a second order structural phase transition to  the low 
temperature orthorhombic (LTO) structure (Bmab), in which the Cu02 planes are slightly buckled. TLT is 
strongly doping dependent, but for the superconducting materials TnT is of the order 300K. 

If the La is substituted by an isovalent rare earth atom of smaller size, then a new structural phase is 
stabilized with a slightly different buckling pa.ttern. For Eu or Nd codoping, the low temperature tetragonal 
structure (LTT) (P42lncm) is stabilized below a temperature TLT that is essentially independent of the Sr 
doping, 2. Here, the c u o 6  octahedra change their tilt direction from [11O]HTT to [100]HTT. Although the tilt 
angles are only of the order of 3", the structural change has dramatic effects on the ground state properties. 
NS reveals incommensurate superlattice peaks located at  q = ( I ( 1  f a), I ( 1  f 6)), which correspond in 
real space to spin density  modulation^.^^ The incommensuration, 6, varies linearly with x up to 0.125, as 
expected for stripes.Ig In the LTO phase, these correlations are only observed in inelastic NS, thus are 
not static. However, the subtle change in the tilt pattern in the LTT phase stabilizes the dynamic stripe 
correlations, for these superlattice peaks become static in the LTT phase below a tempera,ture TN(z), as seen 
by elastic N S 3 >  In Lal.~-.Euo.2SrZCu04 or Lal.~-,NdO.~Sr,CuO~ the onset temperature TN is strongly 
dependent on the time scale of the measurement probe, a signature of glassy dynamics.20 

3. GLASSY SPIN DYNAMICS 
The spin dynamics of the LTT phase of Lal,8-,Euo,2SrzCu04 can be studied by La, Cu or 0 NMR. Each 
of these nuclei experience a hyperfine coupling to the Cu electron spins, S ( r , t ) .  However, the hyperfine 
coupling for both the Cu and the 0 is on the order of 100kOe/po, whereas for the La the hyperfine coupling 
is on the order of 1kOelp.o. Fortunately, the coupling to the La is small enough that the majority of the La 
nuclei relax slowly enough to be observable by the NMR spectrometer. Therefore, unlike the Cu or 0, the 
La is ideal to probe the full distribution of glassy dynamics. 

Let us assume that the time dependence of the spin fluctuations can be characterized by a correlation 
time such that: 

(S(t)S(O)) = $e-"/'. (1) 
By measuring the echo decay rate or the spin lattice relaxation we can probe the temperature dependence 
of r. The spin lattice relaxation rate is measured by first inverting the spins by applying a 7r pulse, then 
waiting a time t ,  for the spin system to partially recover. The magnetization of the nuclei is then measured 
by applying the standard Hahn echo pulse sequence: 5 - re - T ,  where re is the echo pulse spacing. The 
magnetization of a single nucleus experiencing a fluctuating hyperfine field can be determined by the Redfield 
equations, and is outlined in Appendix A.21 For the spin 7/2 La at  the central transition (+; H -;), the 
magnetization recovery is given by: 

m(L) = mo(Te) (1  - f$(L/Ti)), (2) 
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Figure 1. The echo integral versus time t ,  at 16K in Lal.65Euo.2Sro.lsCuO4. The dotted line is a fit to Eq. (3), and 
the solid line is a fit to Eq. (12). 

where 

and 
mo(-r,) = exp[-2.re/T21. (4) 

For the Lorentzian correlation function, Eq. ( l ) ,  the spin lattice relaxation rate is: 

where h ~ , =  = A L , ~ S O  is the rms hyperfine field in the direction perpendicular (parallel) to the applied static 
field Ho. 

The NMR spectrum of the La in Lal,~~Euo.2Sro.l5CuO~ does not change appreciably with temperature, 
but the spectrum is inhomogeneously broadened. Furthermore, the magnetization recovery data do not 
suggest a single spin lattice relaxation rate. In Fig. 1 we show the time dependence of the magnetization 
recovery at 16K, as well as a fit to Eq. (3), which fits the data poorly. The fit to the stretched exponential 
function, as described below, fits the data much better, which suggests that there is a distribution of spin 
lattice relaxation rates. In Fig. 2 we show the temperature dependence of TF1 as determined from the fits 
to the stretched exponential function. There is a dramatic increase in the spin lattice relaxation rate, but 
there is no clear singularity associated with the onset of long range order. Rather, the growth of TT1 appears 
to exhibit activated or Vogel-Fulcher behavior typical of spin glasses. To fully understand the relaxation 
processes involved, we need to characterize the distribution of relaxation rates. 

In general, for a spatially heterogeneous system exhibiting glassy dynamics, the correlation times are 
determined by local re-arrangements of the structure - in this case the local stripe structure. Schmalian and 
co-workers have shown that the competition between long and short range forces, coupled with the frustrating 
effects of the Coulomb interaction leads to an exponentially large number of metasiable configurations of the 
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Figure 2. The temperature dependence of TT1 in Lal.65Euo.&o.lsCuO4. INSET: TT1 versus (T - Tg)Y1, where 
Tg =3.1K. The dotted line is a fit to Eq. (14) for T > 20K, which gives &=132K. 

stripe 1 a t t i ~ e . I ~ ~  l4 At low temperatures, there can be large energy barriers between different configurations 
of the stripes, and the time scale for local fluctuations can be written as r = TO e x p [ A F / k ~ T ] ,  where A F  is 
the local free energy barrier. Xia and Wolynes have estimated A F  = k~Ty!.+;, where Tg is the spin glass 
temperature, and E, = DT,, where D is the fragility.22 For concreteness, we will assume that E, (and thus 
AF)  has a normal distribution with distribution function PE(E,): 

1 PE(E  ) = ...................... ,e-(Ea-Eo)a/% 
a &-;A2 

(7) 

so that PT(7)d7 = PE(E, )~E, .  The total NMR signal is given by: 

There is no exact closed form expression for M(t,, re), however Castaing and Souletie have shown that for 
a correlation function exp[-t/r], where T = roexp[AF/k~T]  and P(A,) is Gaussian, then:23 

where 71(T) is the most probable correlation time, 

1 p = ....................................................... J l+(Ao/~BT)2, 

is the stretched exponent, and A0 is the second moment of the distribution. For the correlation function (3) 
and Tql given by ( 5 ) ,  the conditions for Eq. (10) to hold are not necessarily fulfilled, since the relationship 
between TI and r is more complex. However, as discussed below, we can extract information about Eo and 
A0 from the temperature dependence of the magnetization relaxation data. 

We have fit the magnetization recovery data in La~,~5Euo.2Sro.l5CuO4 to the form: 

M(t,) = Mo [I - 2f4 (( s,”] 
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Figure 3. The temperature dependence of p in La~,~5Euo,zSro.~5CuO4. The dotted line is a fit to Eq. (ll), and the 
solid line is based on numerical simulations as discussed in the text. 

The temperature dependence of Ti' and p are shown in Figs. 2 and 3. Note that the fits to the magnetization 
recovery below approximately 20K are not as good, especially at early times. One possibility is that not all 
of the La are contributing to the NMR signal, as they may already be relaxed (via Tz processes). At these 
temperatures, the distribution of correlation times 7 is quite large, and a fraction of the La nuclei may be 
wiped out, as discussed below for the Cu signal. On the other hand, as seen in Fig. 1, the magnetization 
data do not extend to times sufficiently long enough to establish a good baseline. This is especially true 
for the lower temperatures, where some of the correlation times begin to approach infinity. Thirdly, the 
correlation function (1) may not be appropriate. In fact, the correlation function itself may have a stretched 
form, in which case TC1 may be of the form:23 

where 0 < Q 5 1. Note that this equation reduces to Eq. (5) for Q = 1. However, the latter cannot explain 
the quality of fits to the raw data, but may affect the temperature and frequency dependence of Ti1. 

For T > 30K, TT1- y 2 h t r ,  and for koT > A,, we have: 

(14) 

We fit the high temperature spin lattice relaxation rate data to this form, and extract EO = 132K and 
Tg = 3.1K; the fit is shown in the inset of Fig. 2. However, since p is less than unity for much of the 
measured temperature range, (Fig. 3), a single TI value is insufficient, to describe the magnetization recovery 
data, and therefore A0 must be on the order of the temperature. Fitting the P(T) Lo Eq. (11) gives A0 = 
50K, but the fit is poor since the data is scattered. Furthermore, as discussed above, we do necessarily 
expect expect Eq. (11) to hold for this case. 

In previous work, we fit the temperature dependence of Ti' to a distribution of activation energies by 
calculating the mean of the TY1 distribution: 
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Figure 4. The temperature dependence of TT1 in Lal,c5Euo,zSro.l5CuO4, and several fits to the data as described 
in the text. 

In Fig. 4 we show a fit to this equation, which gives the unphysical result that the center of the distribution 
of activation energies vanishes. On the other hand, if we constrain Tg = 0, then we get the more physically 
meaningful result (EO = 87K, A0 = 58K). 

On the other hand, we expect that the Ti-’ data should represent the most probable T;’, rather than 
the mean of the distribution. In order to investigate the magnetization recovery behavior for a distribution 
of activation energies, we have calculated the full signal (8) numerically as a function of temperature, using 
E w .  (31, (5), (71, and 

7 = roer-19.  

The numerical data was then fit to (12) to extract the temperature dependence of TT1 and p, which is 
shown in Figs. 3 and 4 for EO = 87K, A0 = 58K and Tg = 0. Note that the fit to the average T;’ and 
the numerical simulation, even though they are based on the same distribution, give different results. The 
reason is that the mean and the most probable T;’ are significantly different. 

In principle, the choice of distribution parameters can be simplified by fitting to the high temperature 
data. Here we can extract EO - 130K, and Tg N 3K. Furthermore, by noting that TC1 reaches a maximum 
at T - 12K, where WLT = 1, we note that T<Aax = y2h:/wL, we can fix h l .  Thus, in principle, we only 
have one remaining parameter: Ao. In Fig. 5 we show a fit to just the high temperature data, with EO and 
h l  fixed to their high temperature values, and letting A0 float. Clearly, this procedure cannot reproduce the 
low temperature data, where wLr becomes important. If we keep the same parameters, and just allow for 
a distribution with A0 = 50K, then the average T;’ still cannot account for the data at low temperatures 
(see Fig. 5). 

Another explanation for the low temperature data is that the stretched correlation function Eq. (13) may 
be appropriate. At high temperatures, where wLr << 1, this equation reduces essentially to Eq. (14), but at  
low temperatures, the temperature dependence may be dra,ma,ticdly different, depending on the exponent, 
CY. We thus fit the T;’ data using Eq. (13). We recognize that the measured T;’ represents the most 
probable, therefore it is not necessary to account for a distribution in the fit. The fit is shown in Fig. 6 ,  
where we find cy = 0.02. This form accurately represents the low temperature data with parameters that 
are consistent with the high temperature fits. Furthermore, this fit does not measure the average TT’, but 
rather the most probable value. 

E a  

(16) 
- 
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Figure 5. The temperature dependence of T;' in Lal,cj5Euo.2Sro.l5Cuo4, and several fits to the data as described 
in the text. The dotted line is a fit to just the high temperature data with a single activation energy, EO = 132K, 
and the solid line is a calculation with a distribution of activation energies with A0 = 50IC 
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Figure 6. The temperature dependence of T;' in Lal.cj5Euo.zSro.l5CuO4, and a fit to Eq. 13, and the parameters 
are: EO = 145K, Tg = 1.9K, a = 0.02. 



, 4. SIGNAL WIPEOUT 
The Cu nuclei experience a much larger hyperfine coupling, and are coupled not only to the on-site spin, 
but to the four nearest neighbors. Consequently, the Cu is much more sensitive to spin fluctuations, for 
T;' scales as the square of the coupling. For the I = 3/2 Cu, the echo decays quickly, and since there is a 
distribution of r's ,  some of the Cu echo decays away too quickly to be observed. In fact, the Cu echo decay 
is given by: 

(17) 
McU(T) = MO 1 PT(T)e-2TCIT2(T)dT, 

where, for Cu,l0 
3.5y2CUh2 1 T;'(r) = Im 

W L  (1 - iWLT) ' x  

where C U h l  - 100kG. For a finite T ~ ,  then, Mcu(T) will be partially reduced. Since an NMR spectrometer 
cannot acquire signals for times smaller than a minimum T ~ ,  part of the signal will be lost. Typically one 
can measure Mcu(T) versus T, and extrapolate back to T, --+ 0. However, if there is a distribution of T ,  the 
correlation times (and hence a distribution of Tz), then this extrapolation is limited by the finite minimum 
value of T,. For values of T2 that are sufficiently small, the signal will decay too rapidly to be detected by 
the spectrometer. For concreteness, we assume that there is a minimum T2 below which the signal intensity 
cannot be accurately extrapolated, and hence there is a maximum T ~ ~ .  We then have: 

where K, = ln(T,,,ax/7-o). 
In Fig. 7 we show the temperature dependence of the measured Cu signal intensity. To measure this 

signal, we extrapolated the measured echo decay to T, --+ 0, and multiplied by temperature. This quantity, 
then should be a measure of the number of visible Cu nuclei. Clearly, the signal intensity fall dramatically 
below approximately 1 O O K .  The solid line is a fit to Eq. (21), with A0 = 115K, K = 4.3, and fixed EO = 132K. 
Clearly, the same distribution of activation energies that describes the peak in the La TC' can account for 
the loss of the Cu signal. In fact, one might expect that if we could measure all of the Cu nuclei, then the Cu 
and the La spin lattice relaxation rate should scale with one another. However, even if one could measure 
all of the Cu, the form factor for the Cu differs from that of the La, and therefore samples a different part, 
of q-space. 

5. SUMMARY 
We have reanalyzed the spin lattice relaxation data in Ref('O) in detail, and explored the various possibilities 
of simple activated behavior for the correlation time, Vogel-Fulcher dynamics, and a stretched correlation 
function. We have also investigated the behavior of the spin lattice relaxation by numerical simulations, and 
several important results have emerged: First, there is an inhomogeneous distribution of correlation times, T ,  

which give rise to both wipeout of the Cu signal, as well as stretched dynamics of the magnetization recovery 
of the La. A single value of 7 cannot explain the wipeout of the Cu signal, which is a direct measure of the 
distribution of activation energies." Secondly, the temperature dependence of the most probable correlation 
time, T ,  exhibits Vogel-Fulcher dynamics, with a glass transition temperature on the order of 1-2K. Finally, 
the data are consistent with a stretched form (Cole-Cole or Davidson-Cole sus~ep t ib i l i t y )~~  of the dynamical 
spin correlation function, typical of glassy systems. 

Further studies of the detailed temperature and frequency dependence of the spin lattice relaxation rate 
will be crucial to put further constraints on the stripe-glass parameters, which can then be directly compared 
with theory. l4 
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Figure 7. The intensity of the Cu signal versus temperature, and a fit to  Eq. (21), as described in the text. 

APPENDIX A. 
Redfield showed that the time dependence of the density matrix of an ensemble of nuclei is given by21: 

where 

and 

Here the overbar signifies a thermodynamic average. For magnetic fluctuations, the Hamiltonian 7-11 is given 
by: 

7-1l(t) = Ay U t ) L  (25) 
a=x,y,z 

For spin lattice relaxation, we are concerned only with the diagonal elements of the density matrix: 

where 



and W is a matrix that depends on the spin I .  Here WL = T H O ,  and we have written hCY(t) = A,S(t), where 
A, is the hyperfine coupling. For a spin I = 7/2 nucleus W is given by: 

W =  

‘ - 7 7  0 0 0 0 0 0  
7 - 1 9 6  0 0 0 0 0  
0 6 - 2 7 1 5  0 0 0 0 
0 0 1 5 - 3 1 8  0 0 0 
0 0 0 8 - 3 1 1 5  0 0 
0 0 0 0 1 5 - 2 7 6  0 
0 0 0 0 0 6 - 1 9 7  

, o o  0 0 0 0 7 - 7  

The NMR signal for the (m - m + 1) transition is proportional to the difference p,,,(t) - ~ ~ + l , , + l ( t )  

Solving Eq. 26 for inversion of the central transition (+f - - f )  we obtain Eq. 3. 

For the time dependence of the echo decay, we do not perturb the equilibrium population distributions, but 
rather create non-zero off-diagonal elements of the density matrix. The 5 pulse creates a coherence in the first 
off diagonal rows of the density matrix. For the central transition, for example, directly after a, 5 pulse, only 
the @+,-a and e-+,+ elements become non-zero. (Here we assume that thc satellitc transitions me unaffected 

by the rf pulse at the frequency of the central line.) The NMR signal is given by m - Tr 

in which case we see that: 

y 2 h t r  
= y2h:r+31  

1 + w y ’  
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