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Inelastic neutron scattering performed at a spallation source is used to make absolute measurements
of the dynamic susceptibility of insulating L&uO, and superconducting LageSry1,LuO, over the
energy rangd5 = Lo = 350 meV. The effect of Sr doping on the magnetic excitations is to cause
a large broadening in the wave vector and a substantial change in the spectrum of the local spin
fluctuations. Comparison of the two compositions reveals a new energy /sEate 22 = 5 meV in
La, geSro.14CUO,.

PACS numbers: 74.72.Dn, 61.12.—q, 74.25.Ha, 75.30.Ds

It is well known that the parent compounds of high- of the pure LaCuQ, parent to create a magnetic fluctu-
temperature superconductors are antiferromagnets diation spectrum with a distinct maximum at an energy of
playing strong spin fluctuations [1]. The one-magnonorder 20 meV.
excitations of one such parent compound, the spin- Experiments were performed on the MARI spec-
% square-lattice antiferromagnet J@uO,, have been trometer at the ISIS spallation neutron source of the
characterized throughout the Brillouin zone [2-4]. InRutherford-Appleton Laboratory. MARI is a direct
contrast, observations of the magnetic excitations fogeometry chopper spectrometer. The use of this type of
superconducting compositions [5,6] have been limitedspectrometer for measuring high-frequency spin fluctu-
to relatively low frequencies. Indeed, the measuringations in single crystals has been described elsewhere
frequencies have generally been below pairing ener3,4]. The samples in the present investigation were
gies =10 meV for optimally doped La ,Sr,CuQy) and assemblies of single crystals with total masses 48.6 and
very much less than the underlying magnetic coupling24 g for LaCuO, and La geSr14CUO,, respectively,
strengths and spin-flip energiey =~ 320 meV of the and were prepared as for previous experiments [3,5].
parent insulating antiferromagnets. Thus the extent tdhe x = 0.14 crystals were all bulk superconductors
which doping affects the underlying antiferromagnetismwith 7. = 35 K. Following previous practice [1-3,6],
is unknown for energies beyoni 10. Exploring this en- we use the orthorhombic nomenclature to label recip-
ergy range is essential because it is the short-wavelengtcal space so that the basal planes are parallel to the
and high-frequency spin physics which may ultimately(010) plane. We do not distinguish betweenand c.
be responsible for many of the unusual properties of thén this notation, antiferromagnetic order in JGuO,
cuprates. One might ask whether this physics is the samgccurs atQ = (1,0,0). For all data reported here,
in the superconductors and insulating parents. To begidamples were aligned with the (001) plane coincident
to answer such questions, we have used neutron scattévith the principal scattering plane of the spectrometer.
ing to measure the magnetic response of .&r,CuQ,  The detectors were 300-mm-long 25-mm-diameter tubes
with x = 0.14 throughout the Brillouin zone and for en- arranged with their axes perpendicular to the spectrome-
ergy transfers between/10 and2.5J. Neutron scatter- ter plane. Scattering angle® were in the range 3.43
ing is unique in comparison to other probes [7—-9] of theto 15.0. Following common practice, absolute unit
magnetic response because of its unrivaled access to esenversions were performed using a vanadium standard
citations with arbitrary energy and wave vector as well[4,10].
as a magnetic cross section which is simple and well Figure 1 shows data collected as a functiorQoélong
known. Our key result is that the doping affects the magthe (1,0,0) direction for various fixed energy transfers
netic fluctuations at all frequencies up2é =~ 320 meV.  Wwith E; = 300 meV. For pure LaCuQ,, this implies
In particular, the spectral weight is removed from thethat we intercept the magnon dispersion surface along
magnetic Bragg peak and the high-frequency spin waveBorizontal trajectories of the type shown in Fig. 1(a). The
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[LapCuOy]| [La186ST014Cu04 ] form of the spin-spin correlation function, is
@) © ap _ L[ ior L N7 i, r,)
. S (Q, w) = dte N%e
h - X (Sx(DSH(0)). (2)
30F ! v ] For an antiferromagnet, such as Ja0O, we av-
20} 150-200 meV X2.5 - erage over magnetic domains Yyieldin§(Q, w) =
10[ ¢ - %[S”(Q,w) + $7(Q,w) + S¥(Q,w)]. Because of
Un (b) (h) l 1 the large variation of the,/k; Fermi factor and Cir
o f + f } f = magnetic form facto# (Q) [1,12] over the data in Fig. 1,
20 100-150 meV x25 ] we have transformed our results using Eq. (1) to yield
10 ¢ - S(Q, w). Our observations are consistent with previous
o © ¥3 (i) L lower-statistics data collected on a similar spectrometer
o ! } J ' ; ' [3]. As Figs. 1(b)-1(f) illustrate, a spin-wave peak is
-,-; gg: 75100 meV ] observed neam = 1. The peak becomes broader at
am 10F | higher energies due to the spin-wave dispersion. Twin
= ok q . | peaks due to counterpropagating spin-wave branches are
3 ' (.) . ) 0 not seen due to the poor resolution in the out-of-plane
g 30t T (001) direction. The increased scattering at largeis
20 50-75 mev - due to phonons.
10r M‘ Figures 1(h)-1() show analogous data for
o ¢ (K 7] La, geSry14CU0O, collected under the same spectrom-
——t+— eter conditions as Figs. 1(b)—1(Rnd in the same
30l i units. At all frequencies, the scattering for the metal,
20 + ] La, geSro.14LCuQ,, is substantially broader than for the
10f _ insulator, LgCuQ,. This is not surprising given that,
o . at low w, the metal displays incommensurate magnetic

25-50 me U
L L L L peaks, withh = 0.88 and 1.12 [5,6] when projected
05 1 "f] | 05 115 onto the (1,0,0) direction. These peaks broaden rapidly
(rl-u) with increasingfiw. In contrast to what occurs for the
FIG. 1. (a)—(f) Magnetic scattering from LBuO, for E; =  insulator, the broadening € is not obviously dependent
300 meV andk;[|(0, 1,0). The sample mass was 48.6 g and thegn % w.
%%‘é”gpogag;”rfnwafhga? f]‘.t %?':n*‘gft%g ‘?gréegt t"c‘)’imgg t?;lrge;- . Atthe highest energy transfers in Fig. 1, it is clear that
| | | | | u IN-wavi . . .. .
dispersion. Sglid lines %re fits toga resolution-corre(F:)ted spin-the signal is yanlshlng more rapidly for_ the superconductor
wave cross section. The scans shown in the figure are the rafdan for the insulator. We therefore increased the sensi-
data minus an estimate of the background, namely, the intensitivity of the spectrometer, while coarsening the resolution,
measured at the lowest accessible scattering angks= by raisingE; to 600 meV. Figures 2(a)—2(c) show the re-
20 = 4.3°, where the scattering from the antiferromagnetgiting cross section, corrected only for the Fermi factor

is expected to be small. (g)—() Magnetic scattering in. . .
LajgeSro14CUO,. Incident energy and crystal orientation as in in EQ. (1), in the form of constant- scans [horizontal tra-

(8)—(f). The sample mass was 24 g and the counting time wal§ctories in Fig. 1(g)]. Fofiw = 175 = 25 meV [frame

43 h. Note the scattering is broaderQnthan that observed for (c)], we find that a magnetic peak remains at (1,0,0). A

La,CuO,. Solid lines are a resolution-corrected momentum-peak is no longer apparent féw = 237.5 + 37.5 meV,

broadened spin-wave cross section. but there is still finite scattering. Finally, fohw =
325 = 50 meV, the scattering is indistinguishable from
zero. Figures 2(d) and 2(e) show the= 600 meV data

magnetic neutron scattering cross section per formula unitansformed to giveS(Q, w) and plotted in the form of

is given by [11] constantQ scans centered on the magnetic zone center
2 X (1,0,0) and zone boundary (1.5,0,0) [vertical trajectories in
T ZE = (yre)zkilF(Q)l2 Fig. 1(g)]. The important conclusion from the constant-

hw and the constan@ scans is that there is appreciable
1 A A magnetic scattering up to but not beyond a cutoff of ap-
- — apB . .
X A 2(5“5 0a0p)5°"(Q. @), (1) proximately 280 meV. Furthermore, there is a weak peak
“P near 240 meV for the zone-boundary scan Fig. 2(d). The
where k; and k; are the initial and final neutron wave observed scattering is approximately 3 times weaker (dot-
numbers, respectively, arff*?(Q, w), the Fourier trans- ted line) than expected from L&uO, under the same
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FIG. 2. Magnetic scattering from LgeSr,14CuO, for E; = FIG. 3. Local susceptibilityy”(w) determined from integra-

600 meV andk;||(0,1,0). Counting time was 81 h. (a)—(c) are tion over wave vector of the observed scattering for (a)
constant-energy scans across the ridge of magnetic scatterimg,CuO, and (b) La gSro.4CuQ,. Open circles, data from

illustrated in Fig. 1(g). (d) and (e) are const@t-scans reactor-based experiments [14]; closed circles, present work.
centered on the magnetic zone center [i@.= (1,0,0)] and

zone boundaryQ = (1.5,0,0)] respectively. Detectors with

the same(20) where the antiferromagnetic structure factor is La, geSro.14CUO,, Where the width of the peak centered

small have been used as a background. Solid lines in all frame ; .
are for the spin-wave model described in the text. Dottedc§n (1,0,0) is not obviouslyw dependent, the shapes

line is scattering expected for L&UO, based on previous Of x'(Q) and S(Q) are virtually identical. In particu-
measurements [3]. lar, a HWHM of « = 0.26 = 0.05 A~! characterizes

x'(Q). The Brillouin-zone-averaged susceptibility
(x'(Q))pz derived from ourfiw = 15 meV measure-
experimental conditions. It has also been shifted to anents is 2.4 = 0.5 u3eV 'fu."! or 1.9 + 04 X
frequency 20% lower than in the insulating parent [2—-4]. 10”7 emug ', which is comparable to the measured bulk
So far, we have concentrated on the detailedQ = 0) susceptibility [13]xpux = 1 X 1077 emug!.
o and Q dependence of the observed response. Figure 4 shows that the local susceptibility”(w)
Also of interest are aggregate quantities such agvolves as dramatically with doping &Q) and y'(Q).
(i) the equal-time spin correlation functioS(Q) =  While y”(w) increases slightly wittw for pure La,CuQ,,
JZ.do S(Q,w), (i) the zero-frequency susceptibility it decreases withw over the frequency range probed
X'Q) =1/m) [Z.do x"(Q,w)/w, and (i) the local in the present experiment on LgSr,,LCuO,. If we
susceptibility x"(w) = [x"(Q,w)d*Q/ [d*Q. We also include data from a reactor-based experiment [14]
have therefore computed (i)—(iii) directly from our on La; g¢Sry14CUO, we find that y”(w) is actually
data, exploiting the fact that for 2D systems, such apeaked neattw = AI' = 22 = 5 meV and a Lorentzian
La,—,Sr,CuQy, the experimental geometry chosen pro-
vides essentially complete images @f'(Q.p, w) [3].
Our estimates are for the energy range 15-150 meV; LapCuOy (T = 295K) LaygeSro14Cu04 (T =17K)
previous studies have been limited to energies below
30 meV [1,5,6]. For LaCuQ, S(Q) consists of a
peak centered at (1,0,0) [Fig. 3(a)] with half width at
half maximum (HWHM) « = 0.16 = 0.01 A~!. The
fact that the peak inS(Q) is considerably broader for
La; geSro.14LLuU0O, [Fig. 3(c)], examined using the same
spectrometer configuration, implies that the experimental
resolution, for which no corrections have been made,
makes a small contribution ta& for Laj geSry1LCuUO.,.
The peak width isx = 0.27 = 0.04 A~!, corresponding
to a pair correlation length oB8.7 = 0.5 A which is
indistinguishable from the nearest-neighbor separation 0 05
(3.8 A) between copper atoms. In the case 0§@a0,
[Figs. 3(a) and 3(b)]x'(Q) (k = 0.13 = 0.01 A=) is FIG. 4. The Fourier transform of the equal-time correla-

somewhat sharper thas(Q) (x = 0.16 = 0.01 A, tion function S(Q) and the real part of the wave-vector-

. ) ., dependent susceptibility’(Q) for La,CuO, [(a) and (b)] and
bfecause t.he Kramers-Kronig Fransform gives I’.e|atlve|)4_a1'8 Sro1CUO; [() and (d)] respectively. These quantities
higher weight to low frequencies where the spin wavenave been determined from measurements in the energy range

peak is narrower (see Fig. 1). On the other hand, fol5 = Aw = 150 meV.

3 | 1 T R L T T
(a)
| 15-150 meV

S(Q) (uBtu™)
- N
T

o
T

40 (b)
30
20
10

1@ eVt

1.5 0 0.5

1.5 2

1 1
h(rlu.) h{(r.lu.)

1346



VOLUME 76, NUMBER 8 PHYSICAL REVIEW LETTERS 19 EBRUARY 1996

¥"(w) ~Tw/(I'? + w?) describes the data. Of course, ically modifies its magnetic excitations over a wide
for the pure compound, there is a magnetic Bragg peakequency range. The principal changes are that the ex-
(with weight 0.36 u3f.u.”!) at fw = 0, implying an citations are greatly broadened in wave vector and there
underlying relaxation rat&€ = 0. Thus doping results in is a substantial redistribution of spectral weight in fre-
a transfer of spectral weighty['(w)] from nearo = 0  quency. The corresponding antiferromagnetic correlation
to a peak centered at an intermediate frequency of ordéength, deduced from examining integrals of(Q, )

20 meV. More surprising is the concomitant suppressiorover an unprecedently large frequency range, is indistin-
of the high-frequency magnetic signal. guishable from the separation between nearest-neighbor
The simplest theory to which we can compare ourCu atoms. Finally, when combined with earlier data, the

La,CuQ, data is that of linear spin waves [11]. In a two- present results imply a new energy scale,= 5 meV,
dimensional antiferromagnet, the spin-wave velocity andharacterizing the spin fluctuations in superconducting
overall amplitude show quantum renormalizations [15,16].a; geSrg.14CUO;.
with respect to their classical (largd values which can We are grateful to M. Lund for technical assistance,
be described by the factots. =~ 1.18 and Z,, respec- Risg National Laboratory for hospitality during the prepa-
tively. Figures 1(b)—1(f) show fits to the data of linear rations for this experiment, and to EPSRC, NSERC,
spin-wave theory with an effective exchange interactionCIAR, and U.S.-DOE for financial support.
J =153 meV [3], including a frequency-independent
quantum renormalizatio#i, of the overall intensity. Our
measured, = 0.39 * 0.1 is in agreement with previous
work [4] and close to the prediction of B/S spin-wave
expansion [16]Z, = 0.51. [1] D. Vaknin et al.,, Phys. Rev. Lett.58 2802 (1987);
Spin-wave theory cannot be used to describe the data G. Shiraneet al., ibid. 59, 1613 (1987); J. M. Tranquada
for La, geSro14CUO, because the scattering is both too et al., ibid. 60, 156 (1988); J. Rossat-Mignodt al.,
broadly peaked inQ and strongly decreasing withw J. Phys. (Paris39, C8-2119 (1988).
(see Fig. 4). Even so, spin-wave theory may be applicablel2] G. Aeppliet al., Phys. Rev. Lett62, 2052 (1989).
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for pure LaCuO,, Z, is much reduced. This can be M. Matsudaet al., ibid. 49, 6958 (1994).

seen from the comparison between the expected signaj7] S. Uchidaet al., Phys. Rev. B43, 7942 (1991).
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