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89Y NMR study of the effect of Zn substitution on the spin dynamics of YBa,Cu,Og
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Zn-substituted YBa,Cu,Og high-temperature superconductors have been probed by #Y nuclear magnetic
resonance (NMR), susceptibility, and thermopower measurements. With 8%y NMR we have been able to study
the gap in the spin density of states using the real part of the spin susceptibility determined from the Knight
shift as Zn is progressively substituted onto the plane copper site. Zn substitution results in a rapid decrease in
T. with a negligible decrease in the spin-gap energy and an inhomogeneous filling in of the gap in spin density

of states.

The magnetic properties of high-T. superconducting cu-
prates are unusual when compared to conventional s-wave
BCS superconductors. In the normal state the electron spins
are correlated leading to a spin susceptibility which is en-
hanced near the antiferromagnetic wave vector Q =(r, ).
As the temperature is decreased a gap at low energy appears
in the spin susceptibility of underdoped samples.”*> Recent
studies*~® have shown that the pairing interaction in high-
temperature superconductors could be spin mediated. It is
therefore important to fully investigate the relationship be-
tween the spin behavior and superconductivity. Moreover,
Loram et al.” have shown from heat-capacity studies that the
normal-state gap may be a gap in the total excitation spec-
trum and therefore responsible for the depression of T'. with
progressive underdoping. Following these ideas we found
that the gap in the spin density of states as probed by Y
NMR and the normal-state gap from the heat capacity are
equal, have the same hole concentration dependence, and
correlate with the depression in 7. in YBa,Cu;0,_y,
YBa,Cu,0g, and Y,Ba,Cu,;0;5_5.® In this paper we extend
these studies to Zn-substituted YBa,Cu,Og and we report on
susceptibility, thermopower, and 89Y NMR measurements
which show that Zn substitution leads to an inhomogeneous
“filling in” of the gap in the spin density of states (DOS).
The YBa,(Cu, _,Zn,),Oz superconductor is underdoped and
the parent (x=0) compound has a T, of 81 K which is
rapidly depressed with increasing x. An advantage of the
YBa,(Cu; —,Zn,),Og system is that the oxygen stoichiom-
etry is fixed while for the YBa,(Cu,; _,Zn,);05_ 5 supercon-
ductor the oxygen stoichiometry is variable which can lead
to oxygen defects, distortions, and inhomogeneity.® Further-
more, unlike the %3Cu nucleus, the ®Y nucleus does not
have a quadrupole moment and hence the ¥Y NMR signal is
not quadrupole broadened.

Single-phase samples were prepared by decomposing a
stoichiometric mix of Y,03, Ba(NO;),, CuO, and ZnO
powders in air at 700 °C. The YBa,(Cu, _,Zn,),Og samples
were reacted for 6 h at 920 °C, 24 h at 930 °C, and a further
24 h at 930 °C in oxygen at a pressure of 6 MPa.” All
samples were reground after each sinter. ac-susceptibility and
thermopower measurements (calibrated against a Pb stan-
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dard) were performed on pellets at temperatures of 4 K to
room temperature. The temperature dependence of the ther-
mopower, which exhibits a marked enhancement with the
opening of the spin gap, is reported elsewhere.!”

The ¥Y NMR signal was measured between 80 K and
room temperature using a Varian Unity 500 spectrometer
with a 11.74 T superconducting magnet. The room-
temperature measurements were made using magic angle
spinning (MAS) with a Doty 5 mm high-speed MAS probe
and spinning speeds of 10 kHz to reduce the Y NMR line-
width. Bloch decay spectra were acquired using a delay of 20
s between 90° pulses. Static temperature-dependent mea-
surements were made by using a Doty 5 mm probe and
8%y NMR spectra were acquired using the spin-echo tech-
nique with a 20 s delay at room temperature increasing to
150 s at 90 K. The NMR shifts were measured relative to a 1
m aqueous solution of YCl; which had a Larmor frequency
of 24.49 MHz.

As shown in Fig. 1(a) substitution of Zn for Cu atoms in
these samples results in a rapid decrease in T.. From infra-
red measurements it has been deduced that Zn substitutes
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FIG. 1. (a) Superconducting diamagnetic transition temperature
T. for YBa,(Cu; _,Zn,)4Og. (b) Room-temperature thermopower S
for YBaz(Cul ._xan)408 .
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= X ) ) ) ) ) FIG. 3. %Y NMR shifts of the satellite resonance (peak 2 in Fig.
400 0 400 400 0 400 2) for the YBa,(Cu, _,Zn,),0q samples with (CJ) x=0.0125 and
89y NMR Shift (pm) Y NMR Shift (ppm) (M) x=0.0375. The curve is a best fit curve to a Curie-like behav-

FIG. 2. ¥Y NMR shift for (a) YBa,(Cusog75Zng0125)40s
at 293 K, (b) YBaz(CU3A98752n0‘0125)408 at 110 K, (C)
YBa,(Cus 9625Zn0,0375) 4O at 293 K, and (d)
YBa,(Cuj g625Z14,0375) 40 at 110 K. The solid lines are fits to the
model in the text. The dotted lines are the fitted 3Y NMR signals
from region near a Zn atom (satellite peak 2) and away from a Zn
atom (main peak 1).

predominantly for plane Cu2 atom.!! The room-temperature
thermopower, which is a direct measure of the hole
concentration,!? is shown in Fig. 1(b) to be independent of
Zn concentration implying that the decrease in T, is not due
to a decrease in hole concentration. If hole filling were re-
sponsible for the decrease in T, the thermopower would be
expected to change from 7 to 80 xV/K as T, falls to zero.'?

The %Y NMR spectra at 110 and 293 K for
YBa,(Cuyg.9875Zn0,0125)40s  and  YBa,(Cug g625Zng,0375)40s
are shown in Fig. 2. The asymmetry in the low-temperature
spectra [(b) and (d)], which is not apparent in the room-
temperature spectra [(a) and (c)], can be attributed to the Y
atom probing two different environments.'> This asymmetry
was not seen in the %Y NMR measurements on
YBa,Cu,Og. The %Y NMR spectra are fitted to two peaks
labeled 1 and 2 in Fig. 2. The satellite resonance (peak 2) can
be attributed to Zn inducing a local moment which then in-
teracts with the nearest-neighbor Y atoms.!*> Zn substitution
is thought to lead to a local moment even though Zn is non-
magnetic and the size of the induced moment can be as high
as one Bohr magneton.’* In Fig. 3 we show the %Y NMR
shifts for the satellite Y resonance. Significantly, the shift
is independent of Zn content and has a 1/T dependence. This
is consistent with nearest-neighbor ®Y atoms interacting
with the moment induced by the Zn atom. using the Millis,
Monien, and Pines® model, the NMR shift of this resonance
is modeled as,

K=(7Dc,/gpp)xs+(Dzn/gip) X+ 0, @

where D¢, is the transferred hyperfine coupling constant
from the spin on the Cu site to the %Y nuclei, Dy, is the
transferred hyperfine coupling constant from the local mo-
ment on the Zn site to the ¥Y nuclei, g is the electron g

ior of a/T+b.

factor, up is the Bohr magneton, x; is the static susceptibil-
ity per CuO, unit due to the hyperfine interaction between Y
and the electrons in the conduction band, x. is the static
susceptibility of the induced moment per Zn atom, and o is
the chemical shift [152 ppm (Ref. 16)]. To obtain an estimate
of the size of the local moment induced by Zn we take
Dz,=D, which implies that both the conduction-band wave
functions and the Zn impurity wave functions at the Fermi
level are similar. This assumption is consistent with the ob-
servation that both Cu and Zn have 3d outermost occupied
levels. Furthermore as the thermopower is independent of Zn
concentration then N(E;) and hence E; are independent of
Zn concentration which is consistent with the Zn-O orbital
being within the Cu-O conduction band. The NMR shift data
in Fig. 3 are modeled as (7100/T + 58) ppm as shown by the
solid curve. Using the YBa,Cu;0;_ 5 ¥Y hyperfine coupling
constant, D, = — 3.0 kG,'” this corresponds to a Curie sus-
ceptibility of x,=4.4X107%/T emu/Zn atom. The size of
the induced moment is estimated from the Curie molar sus-
ceptibility per Zn atom,

Xo=(u3P?)/(3kpT), ()

where P is the size of the induced moment per Zn atom. We
find that the NMR shift of the satellite resonance (peak 2)
corresponds to a moment of ~0.9up. A similar magnitude
has been deduced for Zn-substituted YBa,Cu;0qg,
(P=0.6up) which has a lower hole concentration'> and for
Zn-substituted YBa,(Cugg7Zng3)307 (P~1up)."*

The temperature dependence of the NMR shift of the
main %Y resonance (peak 1 in Fig. 2) is plotted in Fig. 4 for
YBa,(Cu, _,Zn,) 40z samples (open symbols) for four differ-
ent Zn concentrations, x=0, x=1.25%, x=3.75%, and
x=5%. Increasing Zn content is shown by the arrow. We
attribute this resonance to Y atoms that are not nearest neigh-
bors to the Zn atoms. Also included in Fig. 4 are 245
GHz high-field ESR shift measurements made on
Y0.09Gdg 01Ba,(Cu; _,Zn,) 4,05 samples'® (solid symbol;s).
The exchange interaction with conduction electrons shifts the
Gd>" (S=73) ESR and the shift is proportional to the Y
Knight shift. At high magnetic fields crystal-field shifts are
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FIG. 4. Y NMR shifts of the main resonance (peak 1 in Fig. 2)
for YBa,(Cu, —,Zn,)4Og samples with ((0) x=0, (O) x=0.0125,
(A) x=0.0375, and (¢) x=0.05. Also included is Gd*>* ESR
shifts of the central — %—» +% transition (solid symbols) (Ref. 18).
The solid curves are fits to Eq. (3) in the text. The K’, K, and
E values for the x=0.05 sample were estimated from the fits to the
data for x=0, x=0.0125, and x=0.0375. The inset is the modeled
density of states at low temperatures. The arrows indicate increas-
ing Zn content.

negligible. Thus it is possible to use low-temperature ESR
measurements to obtain low-temperature Knight shift
data.'®?® To understand the NMR data we note that the NMR
shift for a metal is K+ o where K is the Knight shift. Only
the Knight shift is temperature dependent and is proportional
to the Pauli susceptibility uZN(E #) where N(Ey) is the den-
sity of states at the Fermi level. For optimally doped super-
conductors K is constant as the temperature is reduced until
the onset of superconductivity when K rapidly decreases to
zero as N(Ej) falls to zero. In the underdoped superconduc-
tor the Knight shift gradually falls to zero as the temperature

|

N'tanh(E¢/2kT) + (N—Ng)[1—tanh(E ;/2kT) ]+ N,
(N—Ny)[1—tanh(E /2kT)]+N,,

N(E)=
N,

where the energies E are now relative to the Fermi level, N
is the high-energy DOS, N is the low-temperature DOS in
the gap induced by Zn substitution, and N’ is the low-energy
DOS. Thus the resultant NMR shift is, by integration,

K= Kssechz(E o2k T)+ K+ K'tanh(E ;/2kT)tanh(E g/2_kT)
+ o, &)

where K;=(8Dug/g)(N—Ny), Ko=(8Dug/g)Ny, and
K'=(8Dpug/g)N'. It is also possible to show that Eq. (5)
will still result if the step in N(F) has some curvature about
E, with a finite width AE, provided that
AE <T/tanh(E z/2kT). This is consistent with infrared mea-
surements on YBaZCu408 where N(E) is broadened about
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is reduced and this fall commences well above T, depend-
ing on the degree of underdoping. This behavior is associated
with the opening of a gap in the spectrum of spin excitations

observed by neutron-scattering measurements on
YBa,Cu;0,_g, 23 phonon mode softening in
Y, _,Ca,Ba,Cu,0q4 superconductors,21 heat-capacity and

static-susceptibility measurements on YBa,Cu;0,_ 5 (Refs. 7
and 22) and in the temperature-dependent enhancement of
the thermopower of both YBa,Cu,0,_ 5 and YBa,Cu,Og'°

It can be seen in Fig. 4 that the zero-temperature Knight
shift for the main resonance increases with Zn substitution.
Similar behavior has been noted by Loram et al?* in the
temperature dependence of both the static susceptibility and
ST, where S is the electronic entropy, and this was attrib-
uted to filling in of the normal-state gap. Following their
approach we model the NMR data by noting that the spin
susceptibility x,(q,w) can be expressed as

Xo=pp j N(E)[—3f(E)/SE]dE, ®3)

in the long-wavelength and low-frequency limit where f(E)
is the Fermi function. We are able to satisfactorily fit the
temperature dependence of K(7T) by modeling the DOS as a
single step function at the gap energy E,. To account for the
experimentally observed gradual openlng of the gap as tem-
perature is reduced'®? the depth of the step is described by
a factor [1—tanh(E,/2kT)]. This yields a Knight shift vary-
ing as [l—tanhz(E /2kT)] Wthh is the phenomenological
dependence proposed by Mehring?* and used in our previous
study.® However the upturn in K(T) at low temperatures for
the Zn-substituted samples appears to be real and points to
additional low-energy weight in the density of states as also
noted by Loram® in modeling the static susceptibility of
YBa,(Cu; _,Zn,);0,_5. We therefore have fitted the sus-
ceptibility using a DOS with two step functions as shown in
the inset of Fig. 4, one at a low energy E(~ 10 K) and one
at the gap energy E,, viz.,

0<E<E,
E,<E<E, @)
E=E,

E, at high temperatures and narrowed about E, at low
temperatures.”? The density of states obtained by fitting the
main resonance NMR shifts in Fig. 4 to Eq. (5) are shown in
the inset of Fig. 4 for low temperatures and the solid curves
in the main figure are the fitted K(7) curves which match the
data very well. The DOS shown in the inset confirms a low-
temperature picture of a fully gapped spin spectrum in the
pure compound which is progressively filled in with Zn sub-
stitution.

The fitted spin-gap energies for the main resonance are
presented in Fig. 5(a). These are approximately constant for
Zn substitution levels up to x=0.0375, above which the spin
gap rapidly falls to zero. This is consistent with the model
recently proposed in which the spin gap is locally suppressed



RAPID COMMUNICATIONS

16 506

1.0
10.8
~ 150} A o6
g *
2.
S 100 {04 ®
Vg ® o %
50 b 40.2
1 1 L 00
.00 0.02 0.04 0.06

Zn Fraction

FIG. 5. (a) YBay(Cu,_,Zn,),Op fitted spin-gap temperatures
E, for peak 1 against Zn fraction. The solid line is a guide to the
eye. (b) Fitted YBa,(Cu;_,Zn,),Og K values from Eq. (5) (solid
circles) and the fitted ratio of the 3°Y NMR integrated intensity of
the satellite resonance (peak 1 in Fig. 2) divided by the total inte-
grated intensity R (solid triangles) against Zn fraction. The solid
lines are K=K (x=0)(1—16x) and R=1—0.16x, respectively.

about the Zn impurity but substantially unmodified in re-
gions in the plane which are remote from the Zn atom.'®*!
Moreover the radius of suppression must be very short, of
the order of one lattice parameter a if £, remains unchanged
up to x~0.04 where the mean spacing of Zn atoms is
3.5a. Local suppression of the spin gap is also confirmed by
the above analysis of the 7Y NMR satellite resonance (peak
2 in Fig. 2) attributed to 3°Y adjacent to a Zn atom. The
NMR shift data for the satellite resonance were fitted to
(7100/T+58) ppm comprising only a Curie term and a
constant Pauli paramagnetism term of 58 ppm. The absence
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of any other temperature dependence implies the complete
suppression of the spin gap near the Zn atom. A better esti-
mate of the range of suppression of the spin gap about a Zn
atom can be obtained from the data plotted in Fig. 5(b). Here
we show the concentration dependence of the ratio R of the
integrated 3°Y NMR intensity of the satellite peak to the total
integrated °Y NMR intensity. Also shown is K obtained by
fitting the main resonance data in Fig. 4 to Eq. (3). These
data sets can be modeled as R=16x and K=K, (x
=0)(1—16x) indicating that the gap in the spin spectrum is
completely suppressed when x=0.0625. For x=0.0625 the
Zn atoms are separated on each plane by, on average,
~2.8a, which occurs when adjacent Zn atoms share the
same next-nearest neighbor at 1.4a which is comparable to
the antiferromagnetic correlation length.?® This implies that
the spin gap is completely suppressed at nearest-neighbor
sites to a Zn atom and is significantly suppressed at the next-
nearest-neighbor sites.

In conclusion we have determined the spin susceptibility
of YBa,(Cu,_,Zn,),Og from temperature-dependent Y-
NMR Knight shifts in combination with Gd-ESR Knight
shifts and the spin density of states is deconvoluted from the
temperature dependence of the susceptibility. The Y reso-
nance has a main peak associated with Y atoms well re-
moved from Zn atoms and a satellite peak associated with Y
atoms adjacent to a Zn atom. The shifts for the main reso-
nance show the opening of the spin gap commencing above
200 K. The spin gap is “filled out” as the Zn concentration
increases and is completely suppressed when, on average, Zn
atoms share the same next-nearest neighbors at x=6.25%. In
contrast, the satellite resonance shows that the spin gap is
completely suppressed adjacent to a Zn atom at all concen-
trations and the range of suppression appears to be about
1.4a.
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