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Gt ESR at high fields in Gd-doped high:- superconductors is shown to be a precise probe of the
conduction electron static spin susceptibility. The G&* ESR Knight shift at 245 GHz and the spin relaxation
broadening at 245 and 9.2 GHz in §&gY g oBaCus0,, (with various values of between 6.05 and 7).@re in
agreement with publishéllY NMR data above 70 K and provide additional measurements at the rare earth site
at much lower temperatures. In the superconducting compow(it}s differs strongly from the Yoshida
function and at lowT it follows a T or T? dependence. An anomalous ESR line shape is found aT lawthe
superconducting state; we provisionally attribute this to a sféil?>—10"3 ug) static magnetic moment on
planar Cu sites[S0163-18206)05637-9

[. INTRODUCTION pounds. The anisotropy of the susceptibility is also deter-
mined.

In high temperature perovskite superconductors the real The concept of measuring by ESR of a localized mo-
part of the static homogeneous spin susceptibjfitwhich in ~ ment is similar to the more familiar case of NMR Knight
a metal is a direct measure of the density of stéf¥dS) at  shift. Conduction electrons overlap only slightly with the
the Fermi surface, has an interesting behavior. The most inrare earth sites and the ESR of the localized Gd moment is a
portant parameter determinings the density of holes in the nonperturbative probe much like, e.§% NMR. We find
CuO, planest The temperature dependence is qualitativelythat the temperature dependence of the Gd ESR Knight shift
different for “overdoped” and “underdoped” systems. In °K (the relativeg shift due to the conduction electrrend
underdoped systems a gap in the low energy spand  spin lattice relaxation rat&%T 1 follow the corresponding
chargé excitations already reduceg at temperatures well quantities for*% NMR extremely well.

aboveT, . Optimally doped systemshave a temperature in- The functional form of the disappearancexodt low tem-
dependenty aboveT.. x(T) of overdoped systems is at peratures in the superconducting state is qualitatively differ-
present controversial. ent for s wave andd wave pairing. Gd ESR is a more

In this paper we report measurementsyafsing a micro-  sensitive probe for this thaf’Y NMR because the coupling
scopic probe, the Gd electron spin resonance at high fields constant is an order of magnitude larger and so diamagnetic
(8.8 T and 245 GHin YBa,CuO, with 1% Gd/Y substi- screening effects are less serious. However, in practice we
tution and withy ranging from the insulating antiferromag- run into difficulties in the interpretation of the ESR spectra
net,y=6.05 through underdoped superconductors to the opef the superconducting compounds at IdwThe most con-
timally dopedy=7.0 compound. The present work utilizes spicuous anomaly is a splitting of the resonance line in oxy-
the high resolution of high field ESR in measuripghifts of ~ gen depleted samples for magnetic field applied in the LuO
localized moments arising from the interaction with conduc-planes H.c).
tion electrons. At the high fields of the experiment, crystal
fields are only a small perturbation on the Zeeman levels of
the nearlyS state G4d" ions and the spectra are simple. In
most cases the shifts of the resonance magnetic field with A series of sintered GgYBaCu;0, powders with
temperature or composition are proportional to changes iy=6.05, 6.40T.=10 K), 6.53(T.=60 K), 6.76(T.=66 K),
the static susceptibility without further corrections. Theand 7.0(T.=92 K) was prepared by standard solid state
method is versatile; we measuyavith the oxygen content reaction methods. The 25 mg samples were magnetically
ranging from 6.05 to 7.0 and this can be done both in thealigned in araldite along the crystallograplicaxis with a
superconducting and the normal states of the metallic comvolume filling factor of 10%. ESR spectra were recorded in

Il. EXPERIMENT
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Cambridge at a frequency of 9.2 GHE =0.34 T) and in  the full range ofy the ESR spectrum is well described by a
Grenoble at 245 GHzH =8.8 T) and in some cases at 158 simplified Hamiltonian for magnetically dilute systefs,
GHz (5.6 T) and 296 GHz(10.6 T). In the Grenoble spec- _ ad d Gth2 1eGd «Gd

trometer the magnetic field dependent absorption of the far H=g%ugS™ H+D{(§;)?~ 5SS+ 1)}
infrared light is measured. The sample is placed in an over- +3,3,8% g . (1
sized waveguide and no cavity is employed. For both low

and high frequencies the magnetic field is modulated at audiQé‘dr_ data are consistent with an isotropir factor of
frequencies and the absorption derivative is detected. g ""=1.9901 which is independent gfand of temperaturg.

Shifts of the high frequency ESR were measured withThe energy difference between adjacent Zeeman levels for
respect to a BDPA (a,g-bisdiphenylineb-phenylally) H=9 T is about 11 K and at .Iow temperaturgs only the lower
marker with g=2.00359. For a simpler presentation, we levels are populated._ !n th.|s paper we q!scuss the central
quote relative shiftS%K = — SH/H where SH is the shift of m=—1/2—>4_r1/2 transition, i.e., the transition betweer_1 the
the resonance fieltH from a value corresponding to fourth and flfth Zeeman_leve_ls. The drpp in the population of
9=1.9901 which we find to be thg factor for zero spin these levels limits the high field experiments to temperatures
susceptibility. This definition agrees with the usual definition2P0ve 10 K. , _ ,
of the Knight shift as a frequency shift. At 9.2 GHz the " EQ. (1) the crystal field and the exchange interaction
chaotic generation of superconducting vortices by the moduith neighbouring C(2) and O atoms are characterized by

lating magnetic fiellmade measurements difficult or impos- the second order crystal field paramefrand the aniso-
sible belowT,. The 9.2 GHz spectrometer uses a resonanffOPIC €xchange interaction parametsy,, respectively,
cavity and is sensitive to the phase change of the rf field!N€rea represents Cartesian coordinates. In Gd:xB80,
induced by the generation of vortices. At 245 GHz there idh€Se are small perturbations of the Zeeman energy at9 T. A
no cavity and vortex noise was not observed. detailed account of crystal field effects taking into consider-

The ESR Knight shift data presented here have not beeftion higher order terms as a function yfis discussed in
corrected for the paramagnetism of Gd. At 10 Kd@hT the ~ Refs. 8 and 9. _ _
macroscopic magnetization of Gd magnetic moments in 10 first orlijer tge crystal f'elthP“tS thei\ é;*dresonanced

; - ; e | itions. The central transition is inde-

G 01Y 0.0BECU0, is 47M =4 mT but at Gd sites this is NtC Seven allowed transitions. s
reduced by local dipolar fields and demagnetization factors?€ndent oD for Hilc and is §h|fted by aboud él:lgfor large
For spherical particles, the resultant field at Gd sites equai¢dlues ofH.Lc. Since in Gd:YBaCusO, D lies™ between
the applied field and no correction is necessary. Although the-2 @nd 1.8 GHadepending ory) and is nearlyT indepen-

shape of the crystallites is irregular, experimentally we founc?ent; crystal field corrections are negligilfless than 1 my

that this correction can be ignored. Such corrections woul@t 245 GHz for all magnetic field orientations. The fourth

be easily observed as an extra shift and broadening at lo@"d Sixth order crystal field terniseglected in Eq(1)] are
temperatures in the insulating antiferromagnetic parent confVen smaller. At 9 GHz crystal fields are comparable to the
poundy=6.05. In fact this sample had a temperature inde£€€man term and for powders aligned along ¢heirection,

pendent resonance field and a linewidth of 4 mT between 18Ut randomly oriented in thea(b) plane, the ESR lines are
and 80 K. inhomogeneously broadened for orientationglobther than
We measured the reversible and irreversible componenﬂé‘”c'

of the magnetizationM ., and M, o,, from 0-12 T using a In the single s.pln-fllwd model for hlgfﬁjC oxideg? the
vibrating sample magnetometer in order to estimate corredransferred hyperfine field from the Cu orbitals has the same

tions to the local field arising from diamagnetic screening in! deP?”de”_CE as that_ from O orbitals. The Knight shift and
the superconducting state. For a spherical particle the reverf1€ Spin-lattice relaxation rates are

ible part alone gives a shift of#8M /3. The C_orr_ection for oK = J/(g%% ug?)Re (0,0} =CAy, )
Mirev IS less than expected from the magnetization measure-

ments because below the irreversibility line the audio fre- G477 =C, ke T/[2(g' )] o(®9A) 2 F (@) Imx(d, @)/ @, ,
guency modulation only penetrates to a limited defftr 3
example in the Bean model the field at the surface is equal t
the applied field minus the reversible magnetizatidrhis is
clear from our data foy=7.0 andH.L c where 4rM,, iS
10 mT at 10 K but no hysteresis between up and down fie
sweeps was observed in the Gd spectra to within 0.5 m
The remaining correction 8M./3(10 K)=3 mT is small
for y=7.0 andH_L c and it decreases slowly dsincreases.
Fory=6.76 any correctionst® T are small because at 20 K,
47Me,=1 mT (2 mT) for HLc (Hlic) and M, is negli-
gible. In the only case where the diamagnetic shift is large

y=7.0 andHllc, data are only presented for-50 K where ation with respect to the Korringa relaxation of transitions

47Mirey<5 MT and 47M <2 mT. m—m-+1. This enhancement occurs in exchange-coupled
Ill. LOCAL FIELDS SENSED BY Gd 3+ ESR crystal field split systems where thg factors of localized
and itinerant electrons are approximately equal but the relax-
Gd®* ions (S°9=7/2, L~0) in dilute Gd:YBaCu;0, in-  ation of conduction electrons towards the “lattice” is strong
teract weakly with surrounding electrons with sg@h Over  enough to inhibit bottleneck effects. For a resolved fine

ﬁlherex(q,w) is the generalized susceptibilitf(q) a struc-
ture factor, andy,_ is the Gd"* Larmor frequencyg® andg'

e the gyromagnetic factors for the &dons and electrons
gn the CuQ sheets, respectively. We refert8A as a “hy-
perfine” constant although here it arises from an exchange
interaction between Gdf4and CuQ electronic states. In
Egs.(2) and(3) we omitted the anisotropy for simplicity. We
shall denote the shifts measured withalongc and in the
(a,b) plane by®K . and®%  , respectively. The facto€,,

in Eq. (3) is the Barnes-Plefkd enhancement of the relax-
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FIG. 1. Typical Gd* ESR spectra at 245 GHz fgre=6.76. Note FIG. 2. Comparison of Gi ESR and®®Y NMR Knight shifts

shift and broadening witlT. The gain is set arbitrarily for each (Ref. 3 ESR: Hiic,y=6.76. NMR: unoriented powdey=6.75.
spectrum. At 40 K “wiggles” around the central transition are The best fit yields a ‘“hyperfine” coupling constant ratio
—3/2——1/2 and 1/2-3/2 transitions. Cdp/89A=10.5.

structure andgugH>kgT, C,,=S(S+1)—m(m+1) and

for the central transitiol© _;,,=16. In undoped YB#u;0, Gd shift is in excellent agreement witAY Knight shift data
the conduction electron spin relaxation to the “lattice,” i.e., of Alloul et al® at temperatures above 80 K where data for
to impurities and phonons, is evidently strong since the conboth set of experiments are available. In Fig. 2 the Gd shift
duction ESR is too broad to be observed and therefore bottlder y=6.76 andHlic is compared to the averadey shift

neck effects cannot play any role. 8% ,, of Alloul et al2 on an unoriented sample with a similar
y. Two parameters, the ratio of the hyperfine constants,
IV. EXCHANGE AND CRYSTAL FIELD EFFECTS R=C59A/8%A and the zero for th&% shift, 5% ,(0) are fitted
ON THE Gd*" ESR OF Gd:YBa,Cu;0, to the data using the relation®¥K (T)—C%(0)

. : =R[®K (T)-%K,(0]. We find R=10.5+1 and
Figure 1 shows some typical spectra at 245 GHz for arnga[\,(O)a:\/(lg)EZO Evp()r%]with respeét t0 YGI 89Kav(o) is in

oxygen depleted system with=6.76 andHlic. The central ,
_ > . . reasonable agreement with a reported value of 150 (feh
1/2—+1/2 transition at 8.80 T and 40 K is shifted towards 13) obtained from an extrapolation of highggY NMR data.

higher fields and broadens with increasing temperature. The We find the same value & for all oxygen concentrations

temperature dependent shift and broadening are characteris- ie. the “hyperfine” constant®A is independent off
tic of a GF* ion weakly coupled to surrounding electrons Y, 1€, yp . ’ : P _
via a negative exchange interaction This strongly supports our interpretation of the Gd ESR shift

' s a measure of the spin susceptibility. The large value of
sit(l,rs] oé)é%ir:] ddsepfr:edtﬁ:mzléf ”:]eeig%sc;[?l f(')i';/jg:; thshgcfneans that Gd ESR is a sensitive probe of the spin suscep-

configuratiorf® At high fields the shift of the central transi- ibiliy. This is especially advantageous at low temperatures

tion due to the crystal field is negligible. The low tempera-Where the linewidth is narrow. At low temperatures the long

A -°"NMR spin relaxation rates and small shifts make prefise
ture central transition is narrow because the resonance fields . e . .
shift measurements difficult or impossible.

for Gd sites with various oxygen configurations are the same. : . o
Lo The anisotropy of the Gd Knight shift is small above 50 K
On the other hand, the satellite lines for oxygen depleted nd we findeKC/GdKizl.lztO.OS for bothy=6.76 and

samples have a structure reflecting variations of the crysta?.o. The Gd ESR shift anisotropy is consistent with the ex-

g?cl,%nv(;”meﬂ(];%*ﬁé%%ego?cg)?;ninfg fgf :gs;Gnti'gE%%j'tes pected anisotropy of the Cu transferred hyperfine field due to
—1/2 and +3/2—>+1/2 transitionps a year.as three pairs ofthe anisotropy of the factor of the Cu ions. Th&’Y Knight
bp P shift has a larger anisotropy"’K /8% =1.29+0.03 has

lines on each side of the central transitigtig. 1). The out- 13 :
ermost pair at 8.755 and 8.855 T corresponds to Gd sitebfzelnlzeported by Allouét al.and 1.45-0.02 by Takigawa

with all four first neighbor oxygen chains occupied while the
inner pairs correspond to sites surrounded by three or two
oxygen chains only. Intensities are in agreement with expec-

tations for a homogeneoys=6.76 oxygen content and there
are no significant spatial fluctuations pf Figure 3 shows the Gd shifts versusT for various val-

ues ofy. The data shown are fddlic except fory=6.58
V. SPIN SUSCEPTIBILITY OF YBa ,Cuz0, DETERMINED which was an unoriented sample. Diamagnetic corrections
FROM Gd>* SHIFTS are unimportant for the data shown. For the optimally doped
. + 8 _ ) system the susceptibility is large afdindependent above
A. Comparison of Gd®* ESR and*%Y NMR Knight shifts T.. The superconducting transition appears as a sharp de-
Figure 2 demonstrates the similarity of local fields mea-crease iny. In the insulating antiferromagnetjc=6.05 com-
sured by Gd ESR antfY NMR. The T dependence of the pound the polarization at the antiferromagnetic wave vector

B. Spin susceptibilities of Gd:YBgCuz0, with Hlic
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FIG. 4. GE" ESR Knight shift[proportional to the conduction
electron spin susceptibilityy(T)] of YBa,Cus0; o (squares The
open circles shoW . corrected for diamagnetic shifts.

FIG. 3. Gd* ESR Knight shifts at 245 GHz for YBEU;0,
with y=7.0, 6.76, 6.44, and 6.05 all aligned wikthic and for an
unaligned sample witly=6.58.

is cancelled at the Gd site by symmetry. There is however #vards higher fields. Figure 4 displays the shift of the narrow
relatively largey at all temperatures arising from tig=0  component. As discussed below, the spectraHdrc and

polarization of the static localized Cu moments. y<7.0 are split into two lines which cannot be explained in
The susceptibilities of thg=6.76 and 6.58 samples have terms of a field independent susceptibility. Until this problem
similar values at lowT with apparently no anomaly at,. is solved the interpretation &f°K, (T) remains somewhat

The physical properties of these underdoped systems haw@mnbiguous.

been successfully described by a phenomenological model We note that the data presented in Fig. 4 are the most

supposing a temperature independent'gapthe low energy ~ Precise determination of(T) in YBa,Cu;0; o below T, to

excitation spectrum. The change jrat the superconducting date. The weak coupling to conduction electrons irihs

transition is very small because the electronic entropy is reNMR Knight shift measurements to temperatures abbye

duced by this gaﬂ)5 Fory=6.44 there is no magnetic order; Barrettet all® have measured tféCu NMR Knight shift in

the conductivity is metallic and the superconducting transi-YBa,Cl;O; o and have shown that belo®, x(T) does not

tion at 10 K (for H=0) is suppressed to much lower values follow the expectations for a BCSwave singlet weak cou-

in the field of the experiment. However, the density of stateling superconductor. The precision $Cu NMR is how-

at the Fermi level of they=6.44 compound is not zero as €Vver not sufficient to determine the temperature dependence

expected for a true gap; it is reduced to 20% of the normaPf x(T) at low temperatures. Fdilic the **Cu NMR spec-

state value of the optimally doped compound. This agree§fum is simple and narrow. Unfortunately in this geometry

with a recent analysts of specific heat data for the same there is nearly no coupling between the conduction electrons

series of compounds. and the Cu nuclei. Fad L c the coupling is strong enough to
give rise to reasonable shifts but the analysis of the NMR

C. Spin susceptibility of Gd:YBa,Cu3;0;owith HLc

Figure 4 shows thél dependence O‘F"’Kl (HLc) for T rT T T
y=7.0. According to Eq(2) this is proportional to the CuQ a ]
plane spin susceptibility>®K , follows well the Knight shift 7oL
of ©Cu for HL ¢ reported by Barretet all® Above T, the a ]

shift is temperature independent. ‘F\_,//\/ﬁffL_'
Below T., x(T) depends on the symmetry of the gap

function. In a simple weak coupling isotropgewave super- W

conductor,x(T) is given by the Yoshida function. At tem- E ]

peratures much beloW, it decreases exponentially, in con- 3 6.53 1

trast to thed-wave singlet case where it is proportional to the

temperature. We find that beloW,, °%, initially falls w

faster than the Yoshida function and is not as flat belQig. S S S R
Between 10 and 20 K no variation is observed in the raw  8.77 8.78 8.79 8.80 8.81 8.82

data to within+=50 ppm but when the corrections ., MAGNETIC FIELD (T)

are included the data are consistent with a lin€adepen-

dence of x(T) corresponding to a 183% increase in

x(T)/x(T.) between 0 and 30 K. However, a fit tord law FIG. 5. Gd* ESR spectra at 245 GHz and 20 K for various
is equally good below 40 K. values ofy. | andl denote directions of the applied fieltl with

For HL c the resonance has an anomalous shape at lovespect to the axis. Note the line splitting foHL ¢ andy=6.76
temperatures: it consists of a narrow peak and a tail toand 6.53.
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FIG. 6. Comparison of Gd ESR linewidthAH and®% NMR
spin lattice relaxation rat€; 1. The scales are chosen to match the
two sets of data at low with ®9A/8°A=10.5 and assuming E()
is valid.

FIG. 7. Shift(relative tog=1.990) and linewidth versus tem-
perature of the centrah=—1/2—+1/2 GF* ESR transition of the
antiferromagnetic insulator parent compouwre6.05 at 245 GHz
(H=8.8T).
spectrum is uncertain. In addition to the broadening by qua-
drupolar effects and by the inhomogel:gleous penetration qff Alloul et al® in Fig. 6. The increase of the linewidthH
the applied magnetic field, Barregt al.™ found an unex-  yith temperature is the same at 9 and 245 GFig. 6). The
plained broadening of th&Cu NMR linewidth at low tem-  somewhat larger residual linewidth for 245 GHz reflects a
peratures. small inhomogeneity of the Knight shift. Most of the ob-

- servedT dependence of the Gd linewidth arises from overlap

D. Anomalous splitting of Gd** ESR at low temperatures with electrons on the CuQayers because measurements on

The Gd" ESR spectra show a puzzling complexity for the insulating compound show that other contributions are
HL c at low temperatures in the superconducting stetg.  small. Between 10 and 77 K the linewidth fgr=6.05 is
5) For Hllc there is no anoma|y for any oxygen concentra-constant to within 0.3 mT and a smélldependence of 0.08
tion. Also, for ay=6.40 sample which is not superconduct- MT/K was observed above 100 (kig. 7). This relaxation
ing at 9 T, there is no anomaly. The anomaly is evident at th@roadening is induced by the phonon modulation of the crys-
intermediate concentrationg=6.53 and 6.76 below 40 K, talline field and does not change much wjtfi Therefore we
where forHL c the line is split into two components. One heglect the phonon contribution, and the Gd spin lattice re-
line appears near the resonance field of ye6.76 com- laxation is approximately given by**T;'=C%[AH(T)
pound withHlic while the resonance field for the other is —AH(T=0)]/3/2 with ®%y=27g%%ug/h.
lower by AH,=7.5 mT. A most important observation is that ~ Comparison of relaxation rates and shifts ofGdnd®%y
AH, was unchanged to withir0.2 mT when the frequency show that in the perovskite superconductors &.is rela-
was increased from 245 GHg.8 T) to 296 GHz(10.6 T) for tively well obeyed. The ratio of Gd and®Y shifts and the
the y=6.76 sample at 22 K. The same splitting was alsoratio of relaxation rates are both independenT cind oxy-
observed at 158 GHz. The anomaly may be caused by gen contenty. The ratios of hyperfine constantS8%A/2°A
small magnetic moment on the Cu planes which orders magderived from®K /8 and®T,/°°T; using Egs.(2) and (3)
netically below 40 K. Further experiments are needed tare 10.5-1 and about 8, respectively. In comparing the re-
verify this hypothesis. Although it is an unconventional ex-laxation rates we used in E@) the lowT limit, C,,=16 for
planation we note that in heavy fermion superconductorsthem=—1/2 G&" resonance. This is clearly an overestimate
small static moments are not at all uncomnidn. of C,, at high temperatures where the satellite and central

Explanations involving a distribution of Knight shifts due lines overlap. Recently Shaltiet al!° have shown that this
to, e.g., an inhomogeneity of oxygen content cannot accouriroblem can be avoided by measuring the*Geelaxation
for the field independent splitting. The splitting is too largerate for the 7/2-5/2 transition.
to be explained by the inhomogeneous penetration of mag-
netic field due to the superconducting vortex structure. At
low temperatures and similar magnetic fields the broadening
of the 8 NMR line caused by the vortex lattiteis much
less than the splitting of the Gt ESR observed by us.

VIl. SUMMARY AND CONCLUSION

We have shown that high field @d ESR is a powerful
technique for exploring the microscopic local properties of
high-T, oxides. It is complementary Y NMR in that it is
RELAXATION RATES more suitable fpr the superconducting. state. An a}nomalous

splitting of the line forHL c has been discovered—it seems

The T dependence of the Gd linewidth in the=6.76  to indicate that new ideas are required to understand the local
compound is compared to tH&Y spin lattice relaxation rate field at the Y site at low temperatures.

VI. COMPARISON OF Gd 3* AND 8% SPIN LATTICE
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