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Recent high-magnetic-field experiments on the “High 7" cuprates;
Fermi-surface instabilities as a driver for superconductivity

John Singleton Ross D, McDonald and Susan Cox
Nationmd High $agnetic Fireld Laboratory, TAS5, MEEES6, Los floms National Leboratory, Los Aamos, New Mezieo 87545, USA

Abstract

We give a brief review of high-magnetic-fisld quantum-oscillation measnrerments on cuprate superconductors. In the ecase of the
uiderdoped cuprates, a number of small Fermi-surface pockets are observed, probably due $o the incommensurate nesting of
the predicked (large) hode Fermi surlace. The Permbsurface instabilities that drive this vesting are also likely to result in the
the incommensurate spin Huctuations observed in inelastic nentron-seatiering messurements. We sugzest that the unusually high
supercondueting transitions in the cuprates are driverrby an exect mapping of these incornmensurate spin Huctustions onte the

i

] 55
iy

the superconducting transition temperature.

G

Cooper-pair- wavelunction. The musdmim energy of the fhuciuations ~ 100 of Kelvin gives an appropriate energy deale for

Hecent improversents in pulsed-mgnetio-field tech-
nigues have-permitted the observation of meagnetic quan-
tum escillations in the “High 7.7 cuprate superconduc-
tors (175 Figure 1 shows sone typical data, du this case for
YhaaCurs go |5, The experiment Gses the MHz penetras
tion techiugue reported in Refl [2in which a small sin
crystal is placed within the coil of a tank circuit; changss
in sample resistivity alier the coll Inductance, whicl in
turn shiilt the tank-cirewits resonany frequency. The super-
conducting 1o normad tramsipion 18 seen agasharp fall In
trequency at around 28 I at highee tields, Shubnikov-de
Haag oscillations are visible v the raw data. Suitable back-
ground subtraction [2,4] revesls two series of oscillations

The data shiowncin Fig: 1 aretypical ol the uuderdoped
cupintes; forwhich several studies sugiest a nimber (1-3) of
small Fermi-surfice pockets {(guantin-oscillation frequen-
cies 20001 [1-9]; a summary is given in Table 1. Such
peckets are lkely to vesult from the incommensurate nest-
ing of the predicted (large) hole Fermi surface [2,4.8.7); the
nesting vectors inferred [4] are-cousistent with the wavevec-
tors of the spin fluctustions determined In the neutron-
scattering measurenients [10-15] . This stronghy suggests
that-the fluctuations are driven by Herptissurface instablli-
ties (4], and that the development of their dispersion with
increasing hole doping p [10-15] reflects the evolution of
the underlying Fermi-surface topology.

The fact that the Ferini-surface reconstruetion [4] seents
to be intimately related to' the antiferromagnetic spin
Auctuations seen in neutron scaffering [16-15] naturally
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Table 1

Parameters piessured in coprate quantum-osvillation experiments.
te underdoped cuprates [Arst three rows), frequencies < 2000 T
are seerr, correspending teo small Permi-suriace pockets. These are
attiibuted M 1o an o eleciron poeket and 73 bole pocket, thereby
accounting for theelocironie heat-capadity: Tnaddition, s feaquency ~
200 Taamed +ay be present in the underdoped cuprates 48,81 By
contrast, everdoped Tl BaaCuOg. i shows weaingle high fregueney [0
corresponding to the unreconsiructed Permi surfaee:

Foo Y iy, g ) Fy (1)
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¥BayCusOsgn B00 £ 20 (2.7 0.811950 =40 4020515

Y Bagliugiy 670230 8.0 0.3 undeteetod

TlaBasCnlliyy s 181004 5001 & 3 ‘ l

leads one torask whether the same merhanismeis involvad
i cuprate superconductivity [16]. Lowsenergy inelastic
aeitronsscittering data for both Les_.Sr.CnOy {12,15]
and YBagUualso, [13,14) follow an approximately in-
verted parabolic form

Hw=%(

whisre o s the in-plane lattice pararister and &y = 30—
40 eV s doping=dependent energy scale [ 10-14]. Here,
& depends o the composition and hole doping pof the
cuprate involved [10,11,17]; some values are given in Ta-
ble 2. Ag £ -+ 0, the brightest scattering intensity typi-
catly appears ata cluster of four ineommensurate peiks at
0 = {dw/a, (14 20w/ar and ({1 & 3n/a, /) (10~
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[Mig. 1. (a) MHz penetration data from a single crystal of YBaxCuzOg.so (T = 1.49 K) recorded in the 75 T short-pulse magnet at Los

Alamos; the superconducting to normal transition is the sharp drop arcund 28 T. Inset:

measured critical field versus temperature for the

same crystal for many different dB/dt values in the range ~ 250 —25000 Ts™!, illustrating that inductive sample heating is minimal. (b) After
the subtraction of a suitable background. Shubnikov-de Haas oscillations of [frequency F, = 590 : 20 T are visible in the data: the arrows
indicate a second set of oscillations of a higher frequency (see (d)), Sample temperatures are 1.49 K (black) and 2.08 K (blue). (¢) Oscillation

inverse-field positions versus index; data from the 60 T long-pulse (black) and 75 T short-pulse (green) magnets are shown. The straight line
gives Fi, = 590 4 20 T. (d) Oscillations of frequency /3 = 1990 4 40 'T' visible in MHz data obtained in the 60 T long-pulse magnet. (After

Ref. [5].)

15]. A simple model of spin fluctuations that can produce
these peaks is a sinusoidal variation of the staggered mo-
ment modulated by an exponential damping factor [16]; the
latter term represents the fact that the antiferromagnetic
fluctuations possess a finite correlation length € [11,17]. The
spatially-varving moment is thus

s(r,t) = 3 sqexp(— = + iwt) cos(Q.(r - ro)),
Q S

(2)

where w is the angular frequency of the fluctuations, rg
(£d.0) or (0, £d) with d = /24, and the sum in Q runs
over the values given above. In reproducing the general
form of the experimental neutron data [10-15], the choice
of ry is quite critical; any other value would give significant
intensity at q = Q. at variance with the experimental
spectra.

The form of Eq. 2 is very similar to the two-dimensional
dy2_,» Cooper-pair wavefunction in real space [18,19]:
¥(r) x cos(rkg ) (x? — y2)e 3r/%, (3)
Here r = /x? + ZF is the cylindrical polar radius, @ and
y are corresponding Cartesian coordinates, kp is the Fermi
wavevector [1,2] and & is the superconducting coherence
length, the lengthscale over which «(r) is non-negligible.
Coherence lengths & derived from maguetoresistance and
other data [20,21] are given in Table 2 for several cuprates
with different, composition and hole doping p.

The parameter d plays a similar role in the spin-
fluctuation spatial distribution to that of & in the Cooper-
pair wavefunction; d determines the lengthscale over
which the spin-fluctuation magnitude is largest. Values of

d = a/28 may be deduced using the § taken from inelas-
tic neutron-scattering measurements shown in Table 2. In
the Lag. Ca,CuQy cuprates, the dispersion relationships
have been measured down to low energies, providing accu-

Table 2

Parameters for various cuprate superconductors, including hole dop-
ing p. For Laz_.SrpCuQy, § values measured at neutron trans-
fer energies of [/ = 2-3 meV are taken from Refs. [12,15]. For
Y BaxCuaO7_ ., § values at the equivalent energy are taken from plots
such as Fig. 2a using data from Refs. [13,14]. Correlation lengths &
are taken from Ref. [11] while BCS coherence lengths &, are taken
from Refs.[20.21], occasionally requiring interpolation between adja-
cent compositions for precise doping matches to &.

Compound D ) lE (A)]&, (AT (K)
Loy s18r0.06Cu0y  [0.06 [0.05  |LT 56 13
Laj 995516 075 Cu04(0.075(0.07 |14 44 33
Laj 0oSro.asCuOq  [0.08 [0.08 |11 |36 |24
YBazCuzOg.5 0.082|0.078 |9 33 59
YBasCuzOg g 0.0970.16 [7.5 |22 62.7
Lay.9Srg.1 CuOy 0.10 [0.10 (12 |27 29
YBazCuzOg s 0.123[0.18 |4 24 715
Laj ggSrp.12Cu0y  (0.12 [0.115 (17 |25 33.5
Laj g65Srp.14Cu0y  [0.14 [0.1225(12 22 35
Laq 855rp.15CuOy  [0.15 ]0.1225(14 20 38
Y BasCugOg o5 0.152(0.24 3.3 (12 93
Lap s28rp,18Cu0Qy (0,18 0,13 |9 19 35.5
Lay 75Srp.25Cu0y  [0.25 [0.125 (8 28 15
Lay 735r0.27CuOy  10.27 |0.1 10 |34 7
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Pig. 2. Comparisons of the spin density amplitude and d,2
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2 wavefunction at selected values of p [16]. The first column shows plots of the

incommensurate diffraction peaks obtained on re-Fourier transforming s(r) calculated using FEq. 2 and the published values of § and £ listed
in Table 2. The second column shows the calenlated [s(r)| while the third column shows pe(r) = |¥(r)|? calculated according to the values
of & listed in Table 2. Rows L, 2 and 3 consecutively correspond to p = 0.06, 0.1 and 0.152.

rate values of § [12]. However, there is a loss of intensity at
lower energy transfers in YBasCuzO7_ ., possibly because
of their greater homogeneity [13,14], necessitating a down-
ward extrapolation of the dispersion curves to obtain § in
the limit £ — 0.

Having tabulated experimental values of § and &g for vari-
ous hole densities p (Table 2), we can now plot the evolution
with increasing p of the spatial distribution of the spin Auc-
tuations (Eq. 2) alongside the corresponding Cooper-pair
wavefunction (Eq. 3); Fig. 2 shows the result. At small val-
ues of p, the incommensurate neutrou-scattering peaks oc-
cupy asmall area of k-space [12-14]: the corresponding real-
space spin-fluctuation distribution occupies a large area, as
does the Cooper-pair wavetfunction. As p increases, the in-
commensurate peaks spread out in k-space [12-14]: hence,
the spin-fluctuation spatial distribution is compressed, as is
the Cooper-pair wavefunction. Although the tabulated val-
ues of €y and ¢ (Table 2) are deduced from completely inde-
pendent experiments (the former from thermodynamic or
transport data, the latter from neutron scattering), there is
a very close match between the physical size of the d,2 2
Cooper-pair wavefunction and the spatial extent of the
spin-fluctuation distribution.

The very similar spatial extent of the Cooper-pair wave-
function and the spin fluctuations strongly suggests a
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Iig. 3. (a) The approximately linear correspondence between
d = a/2§ and & for Laz_,;Sry;CuQy4 (circles) and YBa2CuzO7_»
(squares). The line represents the ratio 26g = 3d (Eq. 4). (b) Plot
showing § and & Uin Las—4SreCuOy4 exhibiting a maximuim versus
p in a similar fashion to Te (scaled for comparison), though T¢ falls
more rapidly with p bevond optimal doping [16].

causal relationship between the two phenomena. Exam-
ination of Eqs. 3 and 2 shows that the spin fluctuation
amplitude is largest at the vector locations (+d,0) and
(0, +d), whilst the d;2_,2 Cooper-pair wavefunction has
greatest probability amplitude at (:’:%Eo, 0) and (0, +3&).
Therefore, if the spin fluctuations are responsible for the
superconducting pairing. one would expect that

260 = 3d, (4)
independent of hole doping p. Fig. 3a, which plots ex-

perimental values of & against d (from Table 2), shows
that this is in fact the case for both Las_.Sr,CuO, and
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Y BasUug Oy, Trrespective af doping and mm;}m? tlos, the
data for all materials le slose to the single straight Hue
g = Jd (B 4y This suppests that the same cansal con-
nection between the spin Auctuations and superconductiv-
ity holds for all of the cuprates.

Further support for such an idea comes from the mateh-
ing phase of the do f, \«*-’enre“fr-tar:-:iorz sl the gpin Huetu-
athons; on sefting ro s (id, 01 or (0 Ed) where o = 0/ 28,
the. 7 difterence It phivse bebwesi fhfs acliacent ‘spin chis
ters’ (Fig 2} s alipgned with the r difference in phase be-
tween adjacent lobes of the dye» Cooper-palr w&f’wm-
te {i’i;ﬁ 2y, Thie spin Auctuations are theréfare "in phise”
with the Coopirpair wavelunetion.

Ineapdneinnrate dffraction peaks in metallicosvsterns
aye almost alvays associated with Fenmbsurface nesting, in
which the periediciny of gpin or change modulation s de-
permined by the topology of the Fermisurface [22], In such
aopliture, the cusrate Fenmd surface plavs sndineressingly
fraporiant role as the hole doping pls neressed. Thus, Just
asdn Vo .04 123, large-moment-antiferromagnetic insnla-
tor belmviour incthe cuprates eventually gives way to simall-
moent incommensurate Hinerant apdiferromagnetic be-
hawior as the-syatem becomes more metadlic 7111 Can-
sistent with itineraut magnetism, the orbivally-averaged
Formit velocity op = V2ehE fit = 8 % 104 ms !, where
F s the Shubnikov-de Hass gicillation frequety, of the
pockets in YHasCusOy g | Ld] is cnupmabk to the mode
velaity vy = 2{:}7 fhid 2 14 % 10% msm ! (at B = 0) that
o obiains ftting Fagun, 1 tothe Ewversus-g data poluts ob-

tained from inelastic peutron seattering experimeiing on the
same smople composition 1L As p inerenses toward opti-
s daping, Fy in Fig Afa) also neresses [10,11,17, pro-
viding = suitable characteristio enerey seale {(~ 108 meV,
e~ 1008 of Kelvin) for T, [10

The remaining ngredisnt-in the problemde a coupling
mechanisn between the spin Hiuctuatious and the chargs
inherent in the Cooper pair. This i Suned in the large dnsiie
corredation energy U, which inhibits double oceupancy of
spins or heles [24] Cmmmwn th, loeal varfations in the
dungity of huim« 3{}” and spin-density amplitude As are
expected 6o besubject to the relation

ff:&ﬁh X “.f:&;ﬂ

5

Pairing mechanisms tnvoliving this behavior have besn conr
sidered both i theweal (snall Hubbard Y (23] snd strong
{arge Hubbard U7 [26] coupling liraits, although typlealiy
i eotiunction with longrange antiferramagnetic arder.
Howeaver, there 1s no reason te suspect that such mecha-
wismg will not apply In regimes where the antiferromag-
tetisio by steongly Buetustiog 11 Therefors, becauie of the
reciprocity relationship (Bg. 5). the slowly varving madus
lation of the spin Huetnation intensity should be aconmps-
nied by oa concomitant charge modulation sy (s — 8L
The very simillar form of pr(ry oc —[slr )] in'the second col-
winn of Fig, 2 to g. oc |9 {e)? in the third colwnn of Fig, 2
thereiore providesdivect evidence Tor o fspatial chimrge conv
snensurability’ between the Cooper palrwavelunetion and

5

ineonunensurate spin fluctnations.

I stimmary, based oo weaswrements includiog Ferind-
surface studies [1-5], neutron-scotiering dobs [10-14] and
resistivity experiments (20021, we propose [ 18] that the un-
usuaily high superconducting transitions In the-cuprates
are driven by an exact wsppiog of the ncommensurate
spin Huctiations onto the dee v Cooper-pair wavelune
wion, The spin Huctuations are driven by the Fermi-surface
topalozy, which'is prone to nesting [4.6.7) they couple to
theitinerant holes vin thestrong on-site Conlomb corveli-
sioreenergy L7, which proliibits double cccupaney of spins
or hales [24]. The maximum energy of the Buctuations {~
108s of Kelvin (10,113,070 gives an appropriate energy scale
for the sugerconiducting 7.
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