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Comment on ‘‘Magnetoelastic model for the relaxation of lanthanide ions
in YBa2Cu3O7Àd observed by neutron scattering’’

A. T. Boothroyd
Department of Physics, Oxford University, Oxford, OX1 3PU, United Kingdom
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Lovesey and Staub have argued@S.W. Lovesey and U. Staub, Phys. Rev. B61, 9130 ~2000!# that experi-
mental data on the temperature dependence of the paramagnetic relaxation of lanthanide ions doped into
YBa2Cu3O61x are in agreement with the predictions of a model that describes the relaxation as due to the
scattering of phonons via a magnetoelastic interaction. By generalizing their model I show that the level of
agreement is strongly dependent on the number of intermediate lanthanide energy levels included in the
calculation, and that inclusion of a more complete set of levels leads to very different results that do not
necessarily support the phonon damping picture.
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In a recent paper,1 Lovesey and Staub considered ho
lattice vibrations could contribute to the relaxation of a tra
sition between the crystal-field-split energy levels of a pa
magnetic ion. Their work was prompted by a number
recent publications2–9 reporting neutron spectroscopic me
surements of the temperature dependence of crystal-
transition linewidths for various lanthanide ions doped in
cuprate superconductors. Lovesey and Staub’s contentio
that the relaxation observed for these materials is domin
by decay of the crystal-field excitation into lattice vibration
rather than into spin excitations on the CuO2 planes as has
been assumed by other authors. Lovesey and Staub arri
this viewpoint by comparing experimental data with the
sults of a model that assumes a magnetoelastic interac
between the paramagnetic ion and the lattice.

The main purpose of this Comment is to raise awaren
of an approximation made by Lovesey and Staub in ca
lating the relaxation from the magnetoelastic coupli
model. The approximation involves the neglect of all b
three of the crystal-field-split 4f levels in the relaxation cal
culation. For the case of Ho31 impurities in superconducting
YBa2Cu3O61x I will show that the use of this three-leve
model has led the authors to obtain unreasonably good ag
ment between the calculated relaxation and the experime
data, and that inclusion of other thermally populated la
thanide energy levels gives results that do not differ sign
cantly from those calculated with the exchange-coupl
model used previously. I will also show that the value of t
coupling constant in the magnetoelastic model derived fr
the data depends strongly on the number levels include
the calculation. I will argue, therefore, that the accord b
tween theory and experiment presented in Ref. 1 canno
taken as evidence that phonons rather than spin excita
are the most important source of relaxation.

I begin by outlining the factors that enter into a calcu
tion of the relaxation of crystal field transitions. Followin
Lovesey and Staub let us consider a transition between
eigenstatesua& and ub& of the lowest-energyJ multiplet of a
lanthanide ion in a crystal field. For simplicity letua& be the
ground state. The lifetime of theua&→ub& transition is finite
because of coupling to electronic or vibrational degrees
0163-1829/2001/64~6!/066501~4!/$20.00 64 0665
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freedom in the host system. Relaxation fromub& back toua&
can take place either directly or indirectly, the latter proce
ing via an intermediate lanthanide energy levelug&. If ug& is
higher in energy thanub& then for the indirect transition to
take place the 4f ion must be able to absorb energy from t
host, and this can be done if the temperatureT is large
enough to generate a significant thermal population of e
tations in the host with energies equal to the difference
energy betweenua& or ub& and ug&. The importance of a
particular relaxation channel will depend on the density
host excitation states at the relevant energy and on the siz
the transition matrix elements connecting the states involv
For the models under consideration the relevant matrix
ments are those of the quadrupolar operatorsQn in the case
of magnetoelastic coupling and of the total angular mom
tum operatorsJa in the case of exchange coupling. Here,n is
a symmetry label, anda5x,y,z.

In principle there are as many indirect relaxation chann
as there are intermediate statesug&, but because there ofte
exists a wide variation in the sizes of the transition mat
elements the effectiveness of each channel varies cons
ably. In Ref. 1 it was argued that inclusion of only thre
states (ua&, ub&, and a singleug&) allows the relaxation cal-
culation to be simplified while retaining all the essential fe
tures.

On the basis of this three-level approximation Loves
and Staub derived an expression@Eq. ~6.7! of Ref. 1# for the
temperature dependence of the transition linewidth and fi
their model to the experimental linewidth data for Tb31,
Ho31, and Tm31 in superconducting YBa2Cu3O61x assum-
ing a Debye density of states to describe the lattice vib
tions. The calculation for Ho31 is reproduced in Fig. 1 to-
gether with the data from Boothroydet al.5 The energy of the
ua&→ub& transition is 0.5 meV, and the value of the interm
diate levelug& used to generate the calculated curve is 1
meV.

It is tempting to interpret the good agreement shown
Fig. 1 as justification for use of the three-level model, a
indeed for the Tb31 and Tm31 systems there are soun
physical arguments based on the energies of the exc
crystal-field levels and sizes of the quadrupole matrix e
©2001 The American Physical Society01-1



ca
rg

e
el
dd
n

th
in

d

id
s

e

u-
des.
to

ex-

l
To
ake

a
idth

-
ye

ic
The

the
m-
ne-
on-

e-
al-

off
el
ity
e-
cy
tion
i-
nd
he

th

l
st

COMMENTS PHYSICAL REVIEW B 64 066501
ments to suggest that the totality of intermediate levels
reasonably be approximated by a single level. These a
ments are outlined in Ref. 1. In the case of Ho31, however,
the validity of the three-level approximation is much hard
to justify because there are no fewer than six crystal-fi
levels in the energy range 1–12 meV. Several of these a
tional levels have substantial quadrupole matrix eleme
connecting them to levelsua& and/or ub&, and so they can
contribute to the measured relaxation of the 0.5-meVua&
→ub& transition through indirect processes.

These considerations make it worthwhile extending
magnetoelastic model to include an arbitrary number of
termediate levels. For simplicity we will take levelua& to be
the ground state and levelub& the first excited state, an
relabel these states asu0& and u1&, respectively. In this sim-
plification all other intermediate levelsug& are higher in en-
ergy thanu1&, as occurs in the experimental systems cons
ered here, but it is straightforward to treat other sequence
levels as well. Letvg be the energy ofug& relative to the
ground state (\51). Generalizing the results of Ref. 1 w
can express the linewidth~half width at half maximum! in
the magnetoelastic model as

GME5(
n

Gn ,

where

Gn5cn
2u^0uQnu1&u2

Zn~v1!

v1
coth~bv1/2!

1 (
g.1

~cn8!2u^0uQnug&u2
Zn~vg!

vg
n~vg!

1 (
g.1

~cn9!2u^1uQnug&u2
Zn~vg2v1!

vg2v1
n~vg2v1!,

~1!

FIG. 1. Temperature dependence of the intrinsic linewidth of
ground-state-to-first-excited-state~0.5-meV! crystal-field transition
of Ho31 in Ho0.1Y0.9Ba2Cu3O7. The points are the experimenta
data from Ref. 5 and the line is calculated from the magnetoela
model of Lovesey and Staub~Ref. 1! with inclusion of three crystal-
field levels.
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Zn(v) is the density of phonon modes of symmetryn at
energyv, n(v)51/(ebv21), andb51/kBT. The constants
cn , cn8 , and cn9 are proportional to the magnetoelastic co
pling constants and depend upon the symmetry of the mo

The corresponding expression for the linewidth due
damping by spin excitations mediated via an isotropic
change interactionJEx is5

GEx5(
a

Ga ~a5x,y,z!,

where

Ga52JEx
2 u^0uJau1&u2x9~v1!coth~bv1/2!

1 (
g.1

2JEx
2 u^0uJaug&u2x9~vg!n~vg!

1 (
g.1

2JEx
2 u^1uJaug&u2x9~vg2v1!n~vg2v1!.

~2!

Here, x9(v) is the imaginary part of the local dynamica
susceptibility at the position of the paramagnetic ion.
model the normal state of the superconductors we t
x9(v)}v for the reasons discussed in Ref. 5.

With Eqs.~1! and~2! written in this form it is easy to see
that there exists a simple mapping betweenGME andGEx , as
was pointed out in Ref. 1. Equation~1! becomes Eq.~2! if
we replace thec2 constants by 2JEx

2 , the Qn by the Ja op-
erators, and the functionZn(v)/v by x9(v).

Having stated the basic formulas I will now proceed to
comparison of the temperature dependence of the linew
predicted by the two models for the case of Ho31 in
YBa2Cu3O61x . For this purpose I will make the same sim
plifications as made in Ref. 1, namely, to use the Deb
density of statesZ(v)53v2/vD

2 with vD580 meV for
Zn(v), independent ofn, and to treat all the magnetoelast
coupling constants as equal and mode independent.
quadrupole matrix elements are calculated from the Ho31

wave functions derived from the established model for
crystal field.10 This means there is only one unknown para
eter c that can be adjusted to match the experimental li
width data in the temperature range over which the superc
ductor is in the normal state (T*100 K).

Figure 2~a! displays the curve obtained from the magn
toelastic model including the first eight levels of the cryst
field-split J58 ground state of Ho31 together with the same
data as in Fig. 1. In principle one could include all 2J11
517 levels in the calculation, but we prefer to apply a cut
after level 8~11.8 meV! because there is a large gap to lev
9 ~at 58 meV! at which energy the measured phonon dens
of states11 is much smaller than that calculated from the D
bye model. This, together with the small thermal occupan
at energies of 58 meV and above, means that the contribu
to the relaxation from levels 9–17 will in reality be negl
gible. A comparison of the calculated curves in Fig. 1 a
Fig. 2~a! reveals a very significant difference between t
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COMMENTS PHYSICAL REVIEW B 64 066501
three-level and the eight-level approximations. The shap
GME(T) calculated in the three-level approximation has t
much curvature in the temperature range 10–100 K rela
to the more complete calculation. The reason for this diff
ence, as anticipated earlier, is the neglect in the three-l
approximation of five out of the six levels in the ener
range 1–12 meV. These levels become thermally acces
as the temperature is raised and cause a significant amou
relaxation through indirect transitions.

What is clear from Fig. 2~a! is that the experimenta
points deviate systematically from the calculated curve
temperatures belowT'100 K. This deviation is emphasize
in Fig. 2~b! by plottingG/GME , the ratio of the experimenta
linewidths to the theoretical linewidths derived from th
eight-level magnetoelastic model. Figures. 2~a! and ~b! can
be compared with the corresponding results for the sp
exchange coupling model shown in Figs. 2~a! and~d! of Ref.
5, which exhibit a similar deviation.

The important point to emphasize, therefore, is tha
only three levels are included in the relaxation calculat
then the predicted curve follows the experimental points v
well, as illustrated by Fig. 1, but as more intermediate lev
are included the experimental linewidths fall significantly b
low the calculated curvesboth for the magnetoelastic mode
and for the spin-exchange coupling model~the deviation be-
ing slightly larger for the latter model!. The apparent

FIG. 2. ~a! The same plot as shown in Fig. 1 but with eig
crystal-field levels included in the magnetoelastic model calcu
tion and a reduction in thec2 coefficient from 1.93 meV3

to 0.268 meV3. ~b! Temperature dependence of the reduc
linewidths obtained by dividing the data by the theoretical cu
in ~a!.
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agreement between experiment and theory suggested by
1 cannot, therefore, be used as evidence to favor the ma
toelastic model over the exchange-coupling model
claimed12 by Lovesey and Staub. Indeed, if anything, t
failure of the magnetoelastic model to describe the data
picted in Fig. 2 provides further support for the spi
exchange model because in this scenario the anomalou
duction in linewidth belowTc is explained by the opening o
a gap~the superconducting and/or pseudogap! in the elec-
tronic excitation spectrum of the CuO2 layers.

The second point I wish to make concerns the magnit
of the magnetoelastic coupling constant. As indicated
Figs. 1 and 2~a! the value ofc2 needed to fit the experimenta
data changes from 1.93 meV3 to 0.268 meV3 as the number
of intermediate levels is increased from three to eight. T
sensitivity to the number of levels included in the model
significant if the coupling constants for different lanthanid
are to be compared. For example, in the magnetoela
model proposed in Ref. 1,c is proportional to the Steven
factor a of the lanthanide ion, and so the strength of t
paramagnetic relaxation for one lanthanide ion can be sc
onto another. In Ref. 1 linewidth data for Tb31 and Ho31 in
superconducting YBa2Cu3O61x were found to be consisten
with the predictions of this scaling hypothesis when analyz
with the three-level model. Mindful of the sensitivity ofc2 to
the number of intermediate levels included in the relaxat
calculation I re-analyzed the linewidth data7 for Tb31 with a
13-level model and foundc2511.5 meV3 ~the equivalent
value from the three-level model is 24 meV3). My estimate
for the ratioc2(Tb)/c2(Ho) is 11.5/0.268543, which com-
pares with the scaling predictiona2(Tb)/a2(Ho)520.7, a
factor 2 difference.13 Hence, the validity of the claim in Ref
1 that the scaling of the linewidths supports the magnetoe
tic model for the paramagnetic relaxation is once again s
to be dependent on how many crystal-field levels are
cluded in the calculation.

I will finish with some brief comments on the two mech
nisms, magnetoelastic or exchange coupling, proposed to
plain the paramagnetic relaxation of lanthanides
YBa2Cu3O61x . It has not been the intention here to criticiz
the magnetoelastic model itself. Indeed, the theory provi
by Lovesey and Staub, summarized in Eq.~1! above, is an
important contribution that permits progress to be made
the disentanglement of different sources of relaxation14

Rather, the purpose of making this Comment is to illustr
the pitfalls of comparing a minimal model with experiment
data. The inclusion of more relaxation channels has dram
cally changed the quality of agreement with the data, and
cannot accept the analysis in Ref. 1 as evidence in favo
phonon damping. A true assessment of whether phono
processes provide an important mechanism can only be m
when more is known about the density of states and mag
toelastic coupling strengths for individual phonon modes

In my opinion one of the strongest arguments for t
exchange-coupling interpretation is the evidence in many
the measurements2–6,9 for an anomalous reduction in line
width at a temperature at or aboveTc , an effect first
observed15 in the intermetallic system La12xTbxAl2. Such an
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anomaly cannot be produced by phonon damping. The
sence of any anomaly in some measurements of cup
superconductors7,8 can perhaps be explained by the size
the effect. In most cases where the crystal-field transit
probed is below 1 meV the reduction in linewidth is found
be typically 0.02 meV, e.g., Fig. 2~a!. The data aroundTc in
Refs. 7 and 8~for quasielastic transitions! have error bars
-
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that are larger than 0.02 meV, and so with this experime
sensitivity it would have been difficult to observe such
anomaly.

It is hoped that the continuing debate over phonon ver
spin-fluctuation damping will stimulate a better understan
ing of paramagnetic relaxation mechanisms for lanthan
ions in correlated electron systems, and that the formu
summarized here may facilitate progress in this area.
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