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ABSTRACT

We use neutron scattering 10 measure the magnetic responsc near (x,7) in the normal
state (from T = 35 to 350 K) of superconducring single erystals of La, g5 Srg. 14 CuOs.
The incommensurate peaks which dominate the response have amplitudes which
decrease as 1/T2 and widths which increase in proportion to kg T and energy transfer
added in quadramre. For T> 100K, the observed péks conuain insufficient w&ght to

zccount for the % Cu as well as pianar 17 O nuclear relaxation rates.

PACS numbers: 74.72.Dn, 74.25.Ha, 61.12.Ex
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The normal state of the metallic cuprates is as unusual as their superconductivity. For
example, the electrical resistivity of samples with optimal superconducting properties is
linear in temperature (T) from above 1000K o T..[!! Correspondingly, optical data
rcveal charge fluctuations with a characteristic energy scale which is simply kg T.(1-2]
Furthermore, the Hall number is strangely T-dependent, but in such a way as to give a
Ball angle which varics as T~2.% Finally, muclear resonance!*-5! and bulk experi-
ments®! give an amay of magnetic susceptibilities with qualitatively different T-
dependences, which are not obviously related to the swprisingly simple behavior of the
bulk and optical data. Of course, none of these measurements yields an image of the
morﬁcnmm (Q and frequency (w)-dependent magnetic response, %’ (Q,®). Magnetic
neutron scattering, with a cross-section directly propartional to ¢’ (Q,®), does precisely
this. It has established the detailed T-dependence of " (Q,) both around T, for sam-
ples doped to achieve optimal superconducting properties and over much larger tempera-
ture ranges for sampies close to the metl-insulator transition.{”) However, relatively -
tle has been done to characterize the normal s;tatc of the best superconductors, even
though it is herc where the oddity of the normal state is most obvious. In this paper, we
describe neutron scattering experiments to measute the T-dependence of X" (Q,®) in tixe
normal state of La;_ Sty CuOy with x=0.14 very near the optimal doping level (0.15)
for this alloy, whose fundamental construents are individual CuO; layers. As described
previously,[®] the dominant features of ¥ (Q,®) at low w are four incommensurate
peaks ncar Q = (m,x), the magnetic ordering vector!®! of the parent insulator,

Laz CuOy4. The important new results, which could not be anticipated from ref, (8), are
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(i)thatdweﬁectsofheaﬂngandniﬁngammmepmkwidSMMmommnnnspmm
indistinguishable, (ii)dm.withinmor,thelowmpukmeptilﬁlitiesvarynsrz
between T, GSK)mdBSOK,md(ﬁi)mutheincomsmpuksdonotcmy

sufficient weight to account for the copper nuclear relaxation at high T.

The L3,.46 Sto.14 CaO4 crystals and nearron spectrometer (TAS VI of the Riss DR3
Reactor) umdinthepresentw;nkupﬂlemmasdmseusedinourpmviousdeémﬁna-
tion{10] of %" (Q,®) around and below the Superconducting transition at T, = 35K,
Fig. 1 sammarizes our swrveys of Q~w space at various temperatares. Frame (a) shows
scans through the incommensurate peaks at (x(1-8),x) and (x,x(1+8)) for energy
transfer i fixed at 6.1 meV, The important resuit is that the sharp peaks at 80K broaden
to nearly merge at 297K, Frame (b.) is an image ofﬂics‘cattcring at Aw=6.1 meV and
T=297K. Again, it is clear that the four peaks which characterize the low-temperature
Tesponse near (%,%) have merged into an object whose boundary is roughly the square

defined by the four low-T peaks. Finally, frames (c) - (¢) illustrate the Q- and @— depen-
dence of x"'(Q,w) detenmined using the fluctuation Sissipaﬁon theoremn, ¥ (q,w)
(n(@w)+1) = $(Q,w). The magnetic structure fenction S(Q, o) is simply the scattering
near the incommensurate peaks measyred along the solid line in frame (b) and indicated
by the filled symbols in (a), minus the background indicated by the open symbols in (a).
Comparison of (c) and (d) shows thag warming from T, (35K) to 80K results in modest
broadening of the magnetic peaks at low A, as well as an intensity reduction which is
much more pronounced at low than at high A, Further warming to 297K (frame ()]

gives a much smaller 2" (Q,w), and climinates clear incommensurats pcaks at all s
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probed. The dramatic T-dependent decrease of the " (Q,0) extracted from our data as
well as its smooth variation from low to medium ¥ make significant phonon contamina-
tion of the background-corrected data very unlikely.

The defining features of X" (Q,®) at a particular & and T are the positions, widths,
and intensities of the incommensurate peaks. Thus, we have parametrized our data at
each o and T in werms of the convolution of the instrumental resolution and the very
genexal form, (111

(n(0)+1) %7 (0,T) “iE""T)
(x* (@, T)+R(Q))*

S(Q,0) = (a{@)+1)x"”(Q,0) = (1)

R(Q) is 2 function, with the full symnetry of the reciprocal lattice, which is everywhere
positive except at zeroes coinciding 'With the incomensﬁme peak positions. From this
definition, it follows that X5 (®,T) (in absolutc units via a standard phonon-based cali-
bration{!2]) is the peak intensity and x(®,T) is an inverse length scale measuring the
sharpness of the peaks. To perform fits, we haye expanded R(Q) near (r, %) to lowest

order in g5 and gy, the components of Q relative to (x,%),

((ax—ay)* =(=8)?)? + ((q, +q,)2 - (x5)?)2
2(2a,%5)%

R(Q) = , @

where a, =3. 84; is the separation between nearest neighbor Cu atoms. Because all of our
data show featurcs at the low-T and - o incommensurate positions, we simply fix & at its

low-T and ~® value of 0.245. The solid lines in Fig. 1(a) and the contours below the

§(w,x) line in Fig. 1(b) correspond 1o eq. (1) with parameters X(w,T) and %p (@, T)
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cbosmmownthebestﬁ:dmﬂledanmdﬁumindisﬁnguishauemwdwade-
quacy of eq. (1) as a description of our measurements. . .

The strategy for the remainder of this paper is to discuss x(;).'l') and xp (@, T)
independmdy,mhfmobﬁouspamsmmeﬁ'ﬁmdm-d:pendeﬁce,anddmnm
eombimthunmukﬂawtheconuibudonofmeinconmmmpuksmﬂmnudeu
relaxation rates. Fig. 2 shows how the inverse length x(®,T) increasas with T and .
As can also be dednced from Fig. 1, raising either T or @ increases k(®,T). Similar
inuusumassociazedwdda&equencicsmandmnpcmmTwhackgT=hm. The

inset of the figure which shows %(®,T) ploted against VT +(8o/kp)* makes this

result more obvious. Here, the x(w, T) values for different >'s cluster near a single line

J
n » where J is the exchange constant of pure

with inverse slope 2000 (;LK)_I s%— "~
B

La, CuQ,.[6-15] Correspondingly, the solid curves in the inset and main body of the
figure for which

k2 = &2 + a73((kg T/E)? + (ha/Ey)2) 2 | G3)
Z=1, % =0.034A}, and Ey =E,, =47meV§%J, give a good description of the data, It

is physically appealing to interpret Eq. (3) as specifying the merric by which distances to
a hypothetical quantum critical point at T=0, Ko =0, and ®=0 are measured in .the
three-dimensional phase space defined by T, X and @ (xp is a sample-dependent parame-
ter related to the doping level). Even though it is not obvious that such an analysis

should apply to doped La, CuOQ,, we have chosen the form (3) because it is one of the
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simplest possible descriptions of k(®,T) in the vicinity of a quantum critical poing;(14]
the exponents associated with T and ) are assumed to be the same because of theoretical
arguments! ] that they should be the same for d=2. Since there are models (sach as a
popular treatment!!) of NMR in high-T, materials) for which Z=2 rather than Z=1, we
have also fitted the data using eq, (3) with Z=2. In Fig. 2, the dashed lines, evaluated
(like the solid [Z = 1] lines) for A=6.1 and 15 meV, represent the less than perfect out-
come of this procedure. Thatﬂ:csoﬁdﬁnesfonow:hedammoredosely shows that for
La; g68r0.14Cu0,, Z=1 has higher probability than Z=2. Indeed, allowing
x,Z,Er and B, all t vary to yield the best fit gives x,=0.03320.004A"!,

Er/kp =590£100K, E, /kg =550+120K and Z=1.040.2.

We trmn now to the peak amplitudes xp (0,T). Fig. 3 shows how they and the Bril-
louin zone-averaged response functions <3’ > = f x”(Q,») sz/f d?Q depend on
@ for several temperaturcs. In agreement with our earlier work,!® there is no statistically
significant evidence for a spin gap or even a pseudogap at any TzT, =35K. Further-
more, only for the lowest T=35K, and here only wh:n the peak - not intcgrated -
response is considered, is there an identifiable energy scale below 15 meV. For 35K, the
scale is the 7 meV cnergy transfer beyond which the peak spectrum flagsns out. Other-
wise, all data are in the low- regime where 4§ (0, T) is proportional to &. This means
that at each T > 85K, all of our measurcments are characterized by a single amplimde
parameter, namely xp (@, T)/a. Even for 35K ST<85K, this is true for iw<5meV.
We consequently shift our attention to the detailed T-dependence of ¥4 (@.T)/w and

<" >/w both shown in Fig. 4(a). The remarkable result is that a T~ law with
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o =1.94+0.06%2 describes the rapid decrease of x5 (@, T)/0 with increasing T. If we
insist on a quantom critical description for X" (Q,®), ie. neglect x§ and rewrite egs. (1)
and (3) in 1 form which manifestly displays /T scaling,{7-17]

Q= o [%?l , r’:‘%} . @
Themmltmnaez&nplicsn=2—2. BecanseouranalysisoftheT—andMependcnt
inverse length scale X(@.T) favors Z=1, the most likely value of 1 is 1. This pair of
critical exponents is expected for 1-d quantum antiferromagnets (QAFM), 118! pyy is
unanticipated ! for 2-d QAFM, abour which the general belief is that Z=1 and
n=0.!151 ‘

Nuclear relaxation measurements constime a common probe of local magnetic
response fanctions in the cuprazes. We have therefore computed!2! the conmribution of
the incommensurate peaks observed using nentron scattering to the nuoclear relaxation
rates for Lay g5 810,14 CuQy. Walstedt et al.{5] have already pointed out that at low T, the
computed and observed rates for both copper and oxygeRt agree to within experimental
exror. However, Fig. 4(b) shows that warming yields a growing discrepancy between cal-
culated and obscrved temperarure dependences not only for the planar oxygen,!S! by
also for the copper. At 250K the discrepancy corresponds 10 a Q-independent (or weakly
Q-dependent) "’ (Q,w)/® of order 250 uf / (eV)? for both copper and oxygen. Obvi-
ously, our unpolarized measurcments, restricted to the region near (w,7) and insensitive
to flat (on the scale of the experimental window) magnetic scattering, are entirely con-

sistent with such a term. It is also possible that on warming, x”(Q,w®) acquixfs
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substantial stractures away from (®,x). Less Probebly, the extrapolation from the neu-
tron (=3.5meV=40K) to nuclear resonance frequencies might become unreliable at high

Tducmtheappmnceofaﬂiemmllyinducedlow-mm

To summarize, we have measured the Q- and @- dependent magnetic response near
(®,%) in La; g6 Srg.14 CuOy4 from T, = 35K o 350K and have obtained unexpectedly sim-
ple results. The response is donﬁna@ by incommensurate features whose widths can be
described as rising in proportion to thctempmcandergyuanst‘e:addedinqnadm-
ture and whose peak intensities vary as T~2, Finally, comparison between the neutron
data and nuclear resonance results-indicate a thermally-induced contribution to 2" (Q,m)

which is not sharply peaked near (x,m).
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2. We bave followed ref [5) and used the formulae € (T T)~! w293,

kp#{(A+2B(cos q 2, +cos q, a,))? X" (Q.w)/w/g?) sad (T, T) !mavd

kn #{(C}+Cf)cos?q, a, 17 (Q.0)/0/g2) where 1" (Q, @) is the periodic func-

dondeﬁnedasmesumov:rcopics of eq. (l)whcrcmeargumm:thavebeen

E=2.06, ¥c,=2%x1.1285x103 (sec-G)~1,

Yo =2%x0.5772x10°  (sec-G)~!, 'A=18x10° G/spin, B =92x10% G/spin,

C.=108x10? G/spin, and C, =64x 103 Gfspin. See also F. Mila and T. M. Rice,

Physica C 157 561 (1989), and B. Shasty, Phys. Rev. Lett, 63 1238 (1989).
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FIGURE CAPTIONS

Fig. 1 (a) Constant Am=6.1 meV scans through two incommensurate peak positions.
Actual counting times were in the IOmGOnﬁnnnepu-pointrangc. Open sym-
bols represent background collected along upper left-hand edge of colored area
in.(b). Solid lines correspond to resolution-corrected strucmure factor defined by
eg. (1). | |
(b) 2d reciprocal space, with color map of background-corrected intensity for
Aw=6.1 meV. Above the diagonal (§=8), the map is derived from three scang
berween the (x,x) direction and the background scan shown at right in (a),
Below the diagonal, the map shows the resolution-corrected structare factor (eq.
(1)) with parameters x = 0.15A-! and %7 (0,T)=10.51/eV chosen 10 best
describe the data above the diagonal.

(c) - (¢) Energy and momentum (along solid trajectory in (b)) -dependent mag-
netic response fanction %" (Q,m), detived from raw data using fluctuation -dis-
sipation theorem. No attemnpt has been made 1o c:nect for experimental resoln-
tion, which broadens and weakens sharp feamres in x**(Q,w). Color scale indj-
cates 5(Q,w) for the three temperatures while the (vertical) numerical scales are

in units of counts/6 min An(w) + 1),

Fig. 2 Temperawre dependence of inverse length scales x(w,T) ar various fixed
cnergy wransfers 4w. Solid and dashed lines correspond to Z = 1 and Z=2 quan-

tum critical points, respectively (see cq- (3) and text). Inset shows K(w,T)
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Fig. 3
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replotted against T and /i added in quadrarure. Solid Iine is described in text.

Energy dependence of (a) avu'aged(ova‘fnllBﬁllouinzone.n;'Sin!PﬂiOdiCM'
eralizazion of egs. (1) and (2)) and (b) peak response at various temperatures.
Triangles are derived from a constant-Q scan at an incommensurate peak while
diamonds and closed ‘symbols are the amplitudes xp (@,T) obtained, using the

fits described in text, from constant - A scans.

Temperature dependence of (a) Brillouin zone-averaged (sce capdon for Fig, 3)
mdmolnﬁon-cmctedpmkmsponsedaivedﬁumﬁtsmneumdamand(b)
nuclear relaxation rates for  Cu and planar 17 O derived from neutron scattering
data (solid symbols) and actually measured!4-5] (open symbols). Solid lines in
(a) and (b) are calculated using egs. (1), (2), and (3) with ¢ (@, T)/ @~T~ 4%,
Er =Ep =47 meV,Z = 1, and x9=0.0344 -1, Absolute scale in (a) is from nor-
maelization to phonons.!*?) In view of uncertaintics in both the nuclear relaxarion
and neutron cxperiments as well as the hyperfine Emﬂmmm we have fixed the

absolute scale in (b) by equating the computed and observed  Cu rates at 35K.
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