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We study the effect of a magnetic fieldpplied along thec axis) on the low-energy, incommensurate
magnetic fluctuations in superconducting; ksSr, 14Cu0,. The incommensurate peaks at 9 meV, which in zero
field were previously shown to sharpengron cooling belowT, [T. E. Masoret al, Phys. Rev. Lett77, 1604
(1996, are found to broaden ig when a field of 10 T is applied. The applied field also causes scattered
intensity to shift into the spin gap. We point out that the response at 9 meV, though occurring at incommen-
surate wave vectors, is comparable to the commensurate magnetic resonance observed at higher energies in
other cuprate superconductors.
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[. INTRODUCTION enhance elastic incommensurate scattering in underdoped
samples;~'" and to induce inelastic scattering within the
It has been observed in a variety of cupratespin gap of an optimally doped sampfeFor our slightly
superconductofs® that the inelastic magnetic scattering is overdoped sample, it appears that the field causes weight to
enhanced below the superconducting transition temperatushift into the gap from higher energy, causing the frequency
T, at a particular energ¥, commonly referred to as the dependence to become more like that of the normal state just
magnetic resonance energy. The “resonant” magnetic scagboveT.. These results are compared with a recent study
tering is found to be centered at the antiferromagnetic wavef Zn-doped La gsSry 1:CuO,;.
vector and to have a rather narrow width in energy. The ratio
E, /KT, is observed to be in the range 5-6.
One apparently anomalous system is, L&sr,CuQ,. To
the best of our knowleddeno one has identified a commen- ~ The experiment was performed on triple-axis spectrom-
surate resonant response in this system by neutron scatterirgter IN22 at the Institute Laue Langevin, which is equipped
nevertheless, when certain theoretical interpretations of theith a vertically focusing monochromator and a double-
optical conductivity and angle-resolved photoemisdlare  focusing analyzer of pyrolytic graphite, using tf@02) re-
applied to measurements on,LaSr,CuQ,,>°they seem to flection. No collimators were used, but cadmium masks were
imply a resonance at an energy of roughly 40 meV. On theplaced as close as possible to the san(jpigt outside of the
other hand, Mason and cowork&r& found, for samples magnet to limit the beam size. We worked in fixe#- mode,
near optimum doping, an enhancement of magnetic scattewith k(=2.662 A~! and a PG filter after the sample.
ing belowT. atincommensuratavave vectors and occurring The sample was an array of four crystals grown at Kyoto
for energies centered at about 9 meV. A concomitant narrowtniversity and coaligned in an aluminum holder. The total
ing in g width was also observed. It seems possible that thisrystal volume was approximately 1.5 ¢mMagnetic sus-
effect corresponds to the commensurate resonance seendeptibility measurements indicated that~37 K. These
other cuprates. crystals are similar to, but distinct from, a sample of the
To test the connection with the resonance phenomenon, #iame composition used in recent study of the spin®§&or
is desirable to perform further characterizations. One signathe present sample, the tetragonal-to-orthorhombic structural
ture of the resonant magnetic scattering in underdopettansition is at 118 K, whereas the transition is at 111 K for
YBa,Cuz04, « is that the resonant scattering is reduced inthe previous sample. The higher transition temperature cor-
amplitude by application of a uniform magnetic fiéftHere  responds to a slightly lower Sr content.
we study the effect of a field on the incommensurate scatter- The crystals, oriented with thEd01] direction vertical,
ing in a slightly overdoped crystal of Lg,Sr Cu0,. We  were mounted in a 12-T split-coil, vertical-field magnet.
find that, belowT ., the applied field reduces the peak inten-Thus, the applied field was along tleeaxis, and we could
sity of the incommensurate scattering at 9 meV, thus providstudy scattering within thehk0) zone.(The [100] direction
ing support for associating the enhanced incommensuratgas aligned in the horizontal scattering plane, but[®0]
scattering with the commensurate resonance response fouddection was tilted out of plane by 2°.) We made use of
in other cuprates. an orthorhombic unit cell witta~b=5.316 A.
There has also been considerable recent interest in the For scans as a function of energy at fix@dwe should, in
impact of an applied field on the magnetic scattering at loweprinciple, correct the intensities for energy-dependent
energies. In particular, an applied field has been found t@ounting-time errors due to the presence of harmonics in the

Il. EXPERIMENTAL DETAILS
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FIG. 1. (Color onling Sketch of the l4,k,0) zone of reciprocal
space, indicating the positions of the incommensurate magnetic
wave vectorg) s, which are split about the antiferromagnetic wave
vectorQ,r denoted by the solid arrow. The dashed arrow indicates
the path along which constant-energy scans were perforiQed,
=(1+46k,0). FIG. 2. (Color onling Measurements of”(Q,®), in arbitrary

units, at(a) T=38 K, just aboveT., and (b) T=3 K. In both
beam that reaches the incident-beam monisee Chap. 4, panels, the triangle&ircles denote measurements k=0 T (H
Sec. 9, in Ref. 21l A correction factor is known for instru- =10 T). The lines through the data are explained in the text.
ments at the reactor face; however, IN22 is at the end of a

thermal guide, which should reduce the relative intensities Ofntensity atQﬁ' the fitted background was subtracted from
harmonics. As we have not measured the harmonic contefte average of the measurements at the two peak positions.
of the incident beam, we are not able to make the proper Figure 2 shows the energy dependence of the imaginary
correction(which, at most, would involve a 20% effect over part of the dynamic susceptibility” at Qs measured at tem-
the measured energy rang&his situation will have no im- peratures 63 K and 38 K for zero field andi=10 T. y”

pact on the conclusions of our analysis, which focuses on thas obtained by multiplying the net intensity by 1
variations of the inelastic signal with temperature and ap-_ exp(—fw/kT). At T~T, [Fig. 2], the differences iny”
plied field; however, this effect, together with the coarseryith and without a field are small, and probably due to sta-

resolution used here, could be responsible for minor differyisiics. The line through the data points corresponds to
ences from the previous stuéf.

Y hol
lll. RESULTS Xo=Ao(ﬁw)—2+Fz, 1

The low-energy magnetic scattering inqlggSry 14CUO;, is
characterized by peaks at four incommensurate points abo At T<T,, Fig. 2b), we see a definite systematic differ-

th.e ant|ferromagn?t|c wave vectd@ye. For a 9”9 Iayeir ence between zero field and 10 T measurements. Applying
with a square lattice, these peaks would be indexedszas (the field tends to introduce signal within the gap and to de-
+6,3) and 3,3+ 6), with §=0.13. In the orthorhombic crease the signal above the gap. The solid curve through the
unit cell which we will use in this paper, the coordinates arezero-field data corresponds to the phenomenological form
rotated by 45°, becomindds;=(1+46,=5) and Qs=(1
—8,%6), as shown in Fig. 1. Because of time constraints,
most of the measurements involved measuring the scattered
intensity at the two peak positio@; and at background o
positions,Q,= (1+ 8, + 0.4) andQ,=(1+ 8,0), with a typi- where xg (dot-dashed lingis from Eg.(1) and
cal counting time of 15 min per poin(The actual measure-

ments were done witlh=0.12, rather than 0.13; the differ- = (w)ztanl‘(ﬁwiAs)

ence is not significant for these measureménfBhe * ’
background measurements were found to be essentially inde-

pendent of field, but slightly temperature dependend, of ~ With A;=8 meV, y=1.5 meV, andA;=1.5. The dashed
course, energy dependgnffo improve the statistics, the CUIve, which roughly describes the in-field data, is given by
background measurements at each energy were fit to a

simple, monotonic function of temperature. To obtain the net x"=0.5x¢:+0.5xg, 4

mlth I'=9 meV.

Ag\?
xZC=A1x6[F+(w>+F_<w>](%) , @

()
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Temperature (K) the direction indicated by the dashed arrow in Fig. 1. All measure-

ments are at 3 K; scans {a) and(b) are foriw=3 meV, and(c)
FIG. 3. (Color online Temperature dependence gf(Q;,w) and(d) are forhw=9 meV. In(a), (c), and(d), triangles(circles

measured at excitation energies@f9 meV andb) 3 meV. In both ~ denote scans a=0 T (H=10 T); (b) shows difference between

panels, the trianglegcircles denote measurements ldt=0 T (H scans from(@). Lines are fits to symmetric Gaussian peaks, as dis-

=10 T). The lines through the data are explained in the text. Th&ussed in the text. The dashed lines(@ and (d) indicate the

two filled symbols in(a) correspond to the fits in Figs(e) and  Packground determined by averaging measuremerits at0.4 for

4(d). The vertical bar in(b) corresponds to the fit of the intensity field on and off at five temperatures up to 20 K.

difference in Fig. 4b).

pair of broad peaks &= +0.122). Thepeak amplitude of

" P— 19(3)/3000 monitor counts is consistent with the results in
where y, corresponds to the curve in Fig(a® at 38 K. The ; . .
Xo b o Ié s. 4a) and 3b) (see the vertical bar in the latiethus

curves are intended to be suggestive guides to the eye, rath jgs. A )
than perfect fits to the data. confirming the growth of low-energy incommensurate scat-

The temperature dependenceytifat 3 meV and 9 meV is ter|_|r_1rg]; dge to\;he presence of tthehfleld. i back
shown in Fig. 3. At 3 meV, the in-field data are systemati- € S-meV scans appear lo have a more uniform back-

cally finite and higher than the zero-field data Toc T . At ground. The curves represent fits with symmetric Gaussian

. : - . peaks. In zero field, the peaks arekat =0.134(3) with
9 meV, the in-field signal is reduced compared to zero field! mplitude —80(4) and full width at half maximum

The curves are intended as suggestive guides to the e . o
. i . — . WHM)=0.1487); in 10 T the fitgivesk=*=0.13%5),
using a BCS-like functiony1—(T/T.)*. In zero field, the amplitude = 61(4), andFWHM=0.183(10). Applying the

me_asuredTC_|s 37 K (solid lines, while f_or H: 10T, we field broadens the peaks and reduces the amplitude; the am
estimate T,=27 K from the magnetization study of : . ; .
Li et al22 plitude change is consistent with Figs. 2 an@3see the
In ;[heir study of field effects on underdoped filled symbols in the latter

y 13 P In their study of LaggSr 1, CuQ,, Mason et all! ob-
YBa;CusOg., Dai etal: argued that the resonant re- oo\ o a9 meV an enhancement of intensity and a narrow-
sponse is a measure of superconducting coherence. The on3&t . ) 4

ing in g when cooling througfT, which they discussed as a

of coherent superconductivity is reduced by the applied erIdCoherence effect associated with superconductivity. We find

so that one would expect the onset of 9-meV signal enhanc?ﬁat application of a 10 T field has the opposite effect: the
ment and 3-meV signal reduction to follglk(H). Our mea- magnetic susceptibility is reduced, and thewidth is in-
surements seem to be consistent with such a scenario; how:- 9 CEPLDIILY o : .
) - . : creased. Again, this seems to be consistent with a reduction
ever, there are insufficient data points at higher temperatures . .
- 1n superconducting coherence due to the field.
and the error bars are too large to allow one to draw any firm
conclusions regarding a quantitative correlation \itiiH).
Figure 4 shows constant-energy scans aldQe (1 IV. DISCUSSION
+ 8,k) (see dashed line in Fig) for Aw=3 meV on the left
and 9 meV on the right, all measuredTat 3 K. The 3-meV
scans have a strongly-dependent background contribution  In our slightly overdoped sample, we find that the appli-
that makes it difficult to analyze the raw data. It is morecation of a uniform magnetic field parallel to theaxis
practical to look at the differencénigh field—zero field, causes a reduction of” at the energy of the peak

shown in(b). The difference is consistent with a symmetric (~9 meV). The signal at this energy is otherwise enhanced

A. Resonance feature
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on cooling belowT.. This behavior is reminiscent of the spin fluctuations to be strongly damped, while fluctuations
field-induced decrease in the resonance peak obsérired with energies below &, become underdamped in the super-
underdoped YB#Cu;0g.,, the main difference being that conducting state. Since thipdependence of the spin fluctua-
the response occurs at an incommensurate, rather than cofibns is generally chosen to match the experiment in this
mensurate, wave vector in aSr,CuQ,. We note that in  approach, it can be either commensutat® or
the original analysis of the zero-field enhancement of théncommensuratg’
incommensurate signal, Masen al* suggested that the in-  The most common approach is to calculate the magnetic
crease in signal beloW, came from the superposition of an response of the charge carriers themselves in the particle-
extra contribution that is very narrow iy Lacking a physi-  hole channel, which is then enhanced with the random-phase
cal motivation for such a decomposition of the excitations,approximatiort®~*® Whether the calculated fluctuations are
we believe it is more reasonable to view the changes belowommensurate or incommensurate depends on the shape of
T. as a modification of the excitations that exist in the nor-the Fermi surfac&“*>*®Using a model dispersion that gives
mal state. a Fermi surface consistent with the results of angle-resolved
In terms of the relative energy scale, the ralip/kT,  photoemission spectroscopfARPES for YBa,CusOg.
observed for other cuprates is found to lie in the range and BLSr,CaCyOg, 5 yields a commensurate resonance
5-6, as mentioned in the Introduction. If we identiy  peak®®
~9 meV for our sample, thek, /kT.~3. Relative toA, Calculation§"***for La,_,Sr,CuQ, have generally used
the maximum of the superconducting energy gap, is ob-  parameters corresponding to a Fermi surface that is more
served to always be less thahg, and generally not much nearly nested along the direction @f than that considered
greater than~A,. For La_ ,Sr,CuO, with x=0.18, A,  for the bilayer cuprates; however, it has been ar§tigtat
~10 meV, based on tunnelifiyand Raman scattering the differences in models are not essential for obtaining the
studies’® soE, /A, is consistent with that for other systems. normal-state incommensurate structureyfh (We note that
Regarding energy scales, it is interesting to note that in aecent ARPES studies indicate that the Fermi surface for op-
study of YBgCuzOg, , With x=0.51 andT =47 K, Rossat- timally doped La_,Sr,CuQ, is actually quite similar to that
Mignod et al?® observed a spin gap of4 meV in the su- for the bilayer cuprate¥)) In any case, a commensurate reso-
perconducting state together with an enhancemeny’of nance feature is predict&ef to appear belowl.; in par-
(with respect to the normal statpeaked at-7 meV. These ticular, Kaoet al®® predict the resonance peak to occur at 15
energies are comparable to those in our, L&r,CuQ, meV. While we must admit that we have not pushed our
sample. In more highly doped YB@u;Og ., , Where the at- measurements quite this high in energy, the maximum at 9
tention has tended to focus on the commensurate resonanoeV observed at an incommensurate wave vector does not
feature, we note that the enhancementg’ofit incommen-  appear to be consistent with these calculations.
surate wave vectors(for E#E;) have also been Some theorists have argued that there is a connection be-
observed®-28 tween the magnetic resonance peak and certain anomalous
The measured energy widtfull width at half maximumy  features seen in ARPES measurements, such as the “peak-
of the 40-meV resonance peak in Y&u,0; is limited by  dip-hump” structur&3¢8and the “kink” in the quasiparticle
the resolution width of 5 me%? whereas the width of the dispersiorf*° Eliashberg theory has been used to make a
33-meV resonance peak in the ortho-ll phase is slightlyconnection between the resonance and certain features in the
larger than the resolution at 7 méVThe width of the peak optical conductivity. (Theoretical arguments against such
in our La, gSrp 1CUQ, sample is roughly 3 or 4 meV, de- connections have also been maBeNow, it happens that the
pending on how one measures it. It is comparable to théame anomalous kink and optical conductivity features iden-
width of the low-energy resonance observed by Rossatified for Bi,S,CaCyOg.s are also observed for
Mignod et al?® in their YBaCwOg , Sample with T, La,_,Sr,Cu0,.%°To consistently interpret these features in
=47 K. terms of the magnetic resonance, one would have to infer a
There has been a variety of theoretical approaches to theommensurate resonance at an energy of about 40 meV for
magnetic resonance and its energy andependence. From La,_,SrCuQ,. Our identification of the incommensurate
the perspective of S@) theory, a model in which commen- 9-meV feature as the analog of the resonant mode contradicts
surate antiferromagnetism competes wdtiwvave supercon- such an inference.
ductivity, a magnetic resonance is predicted to appear pre- Finally, we note that the low-energy magnetic excitations
cisely atQar .32 1t corresponds to a collective mode in the in the normal state of La ,Sr,CuQ, look very much like
particle-particle channel, to which neutrons cannot coupléhose observeéd®? in stripe-ordered La,dNdy 4Sto 1.CUO;.
except in the superconducting state where coupling is enh the latter system, one interprets the incommensurate exci-
abled by the coherent mixture of particles and holes in thdations as spin waves of the magnetically ordered system.
BCS condensate. While the theory has been extended to if-he differences for La ,Sr,CuQ, can be understood in
clude (nontopological stripes® and dispersion of the terms of the fluctuations of a quantum-disordered sy3tem
resonancé? the commensurate resonance appears to remainith stripe correlations? The magnetic excitations are cer-
a central feature. tainly sensitive to the charge fluctuations; after all, from the
One alternative is to attribute the resonance to an excitastripe perspective, the incommensurability is the direct result
tion of antiferromagnetically coupled Cu spitts® In the  of the spatially inhomogeneous distribution of the doped
normal state, interactions with the charge carriers cause tHeoles>>~>’ The generation of a spin gap, together with pair-
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ing of charge carriers, has been predicted based on a modaliperconductor signals. If the “normal-state” response came
that assumes the existence of strifé®ne certainly expects from just the vortex cores, then we would expect its weight
singlet-triplet excitations to appear above the spin Yab. to be just 20% instead of 50%. The larger normal-state re-
model for the magnetic resonance based on incommensuraé@onse indicates that it must come from regions about 2.5
spin waves has been proposédiowever, a naive compari- times the area of the vortex cores. This result is consistent
son with spin-wave measurements in a stripe-ordered nickyith an estimat€ for the relative area in which the reso-
elate indicates that this model has some shortconfihgs. nance is suppressed in YR2;Og. The idea of a halo
region extending beyond the vortex core was suggested by
the  scanning tunneling  microscopy  study  of
Bi,Sr,CaCuyOg, s by Hoffman et al’® and discussed by
Neutron-scattering  experiments  on  underdopedzhanget al®® A much larger halo region is required to ex-
La, ,Sr,CuQ, (Refs. 14 and 1pand on LaCuQ,, 5 (Refs.  plain the neutron-scattering measurem&hts of field-
16 and 17 have shown that the application of a magneticinduced  spin-density-wave  order in  underdoped
field along thec axis at temperatures less th&pncan induce  La,_,Sr,CuQ, and LgCuQ,, 5. Of course, our analysis of
or enhance spin-density-wave order. While there has beenaverdoped LSCO is based on an assumption for the high-
number of proposals for the induced correlations in magnetidield, low-temperature state that may be incorrect. Measure-
vortex core$'~®* we believe that the most natural explana- ments with a local probe would be needed to reach an un-
tion involves the pinning of charge and spin stripes byambiguous conclusion.
vortices>*®5~"*The observation that well developed charge We agree with Lakeet al!® that the magnetic field in-
and spin stripe order in LagNdy 4Sip 1:CuQ, are not af- duces a response that is closer to magnetic ordering; how-
fected by the application of a magnetic field is consistentver, our interpretation of that induced response differs
with this picture’? somewhat from theirs. They interpreted the induced response
In contrast to the underdoped regime, there is a spin gatp be a mode within the spin gap, with a peak energy much
in the superconducting state for optimally dopedlower than the peak energy found in the normal state above
La,_,Sr,Cu0,.*>">"#The gap in the low-energy spin fluc- T.. Our results show that changes occur at higher energies
tuations indicates that the spin stripes are further away fronas well, so that the induced response is not restricted to the
the ordered stat&;°®%so it is not surprising that an applied spin-gap region.
magnetic field does not induce static correlations. Instead, It is interesting to compare with a recent inelastic-
Lakeet al® showed, on a sample with=0.163, that apply- neutron-scattering stufy of Zn-doped La_,Sr,Cu0,. In
ing a field induces a signal within the spin gap. Our resultshe muon-spin-rotation study of Nachuetial,”® it was de-
are generally consistent with theirs. One difference is thatluced that each Zn dopant reduces the superconducting car-
they observed an upturn in the low-enef@y5 me\) in-field  rier density by a fractional amount corresponding to a rela-
signal as the temperature decreased betol® K, whereas tive area equal to that of a magnetic vortex core. One might
we did not see such an upturn in our slightly overdopecdhen expect that the impact on spin excitations might be
sample. similar to that from vortices. Indeed, Kimuea al*° find that
The application of the magnetic field in the superconductZn doping introduces a component of spin fluctuations that
ing state introduces inhomogeneity associated with the vorextends into the spin gap of the non-Zn-doped0.15 par-
tices. The superconducting order parameter goes to zero aeht material. The amount of signal within the spin gap grows
the center of each vortex, and the area over which the ordewith doping, and an elastic component becomes detectable at
parameter is strongly depressed is equart3, whereé is  a Zn concentration of 1.7%. At that level of ZR, has been
the superconducting coherence length. The areal fraction coreduced from 37 K to 16 K. That is a larger changeTin
responding to the vortex cores is equaHtH,, whereH.,  than we are able to accomplish in ax#=0.18 sample with
is the field at which the sample becomes completely filled byexperimentally achievable magnetic fields. Of course, our
vortex cores. The resistivity studies of Andbal.”® indicate  sample is on the metallic side of the insulator-to-metal cross-
anH., of approximately 55 T at 3 K for La ,Sr,CuQ, with  over identified by Boebingeet al®® using applied magnetic
x=0.17, while the Nernst effect study of Wargal.® sug-  fields of 61 T, so that it seems unlikely that we would be able
gests a low temperatutd ., of greater than 45 T for ar  to induce static spin stripe order in it simply by suppressing
=0.20 sample. Takingl.,~50 T for ourx=0.18 sample at the superconductivity.
3 K, we find that, for our applied field of 10 TH/H, To avoid confusion, we should note that there are differ-
~0.2. Thus, 20% of the area is occupied by vortex cores. ences in the way that we and Kimueaal'° have presented
We expect that the magnetic scattering associated with thiae inelastic results. In presenting energy and temperature
vortex cores will be different from that due to the supercon-dependence, we have showfi measured at a particular
ducting regions outside the cores. We have seen that applypoint, whereas Kimura has plotteg’ integrated overq.
ing the magnetic fieldta3 K causesy” to change so that it Variations inq width of the inelastic peaks can cause the
appears closer to the normal state. Let us assume that applgependences of these quantities on temperature, energy, etc.,
ing a magnetic field large enough to suppress the supercots be slightly different. Indeed, looking at the measurements
ductivity would yield a spectrum identical to that measuredat#w=9 meV andT=3 K in Figs. 4c) and 4d), we see a
at 38 K. The measurements at 10 T can be roughly modeledrop in the peak intensity on applying the field; however, the
as an average between normal-state and zero-fielpeak area changes much less, since the width grows.

B. Field-induced signal in the spin gap
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\Vojta et al®! have shown that there is at least one theo-gap, consistent with an earlier study, and indicating that the
retical difference between the effects of a Zn dopant and applied field, which suppresses the superconductivity within
vortex: substitution of a Zn atom for Cu effectively intro- vortex cores, also pushes the magnetic correlations closer to
duces a free spin. While these free spins can be detected laystripe-ordered state. The intensity of the in-gap signal in-
probes of the uniform spin susceptibilf§it is not clear that  dicates that it must come from a region substantially larger
they should play the dominant role in the observed changethan that of a vortex core.
in inelastic scattering. It seems likely that the observed
changes must come from a significant range about each Zn,
and that they involve a slowing of stripe fluctuations in the ACKNOWLEDGMENTS

vicinity of impurities, similar to the impact of vortices.
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