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Y NMR and Cn NQR of hydrogenated oxygen-deficient YBa2Cn306 7
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The room-temperature ' Y NMR line shift and line shape as well as the low-temperature Cu NQR
lines were obtained as a function of hydrogen concentration for oxygen-depleted hydrogen-doped YBCO
(H YBa2Cu306 7) in order to investigate the interplay of the effect of hydrogen addition and oxygen re-
moval on the electronic structure and superconducting-antiferromagnetic transition properties. The re-
sults seem to indicate that as far as filling the conduction band is concerned, hydrogen contributes twice
as many electrons as the chain oxygen contributes holes. In contrast to this, the transition from a super-
conductor to an antiferromagnet is governed by other considerations which favor a 1:1 ratio. It is also
seen that hydrogen enters into either an additional site or a new phase when enough hydrogen is added
to oxygen-depleted YBCO.

I. INTRODUCTION

Previous NMR (Ref. 1) and NQR (Ref. 2) studies of
H„YBa2Cu3O7 have shown that hydrogen affects many of
the properties of YBCO in a manner similar to the remo-
val of oxygen. ' The Y nuclear resonance frequency in
H YBa2Cu307 (Ref. 1) shifts continuously as a function
of hydrogen concentration similarly to its shift as a func-
tion of oxygen concentration in the hydrogen-free materi-
al. The results indicate that the electronic structure
behaves as if the addition of two hydrogens is equivalent
to the removal of a single oxygen. In contrast, while both
hydrogen addition and oxygen removal cause the materi-
al to transform from a superconductor to an antiferro-
magnetic nonsuperconductor, the indications were' that
this occurs at a hydrogen concentration where the hydro-
gen addition —oxygen removal equivalency is closer to
one-to-one, i.e., one hydrogen = one oxygen. Hence
there should be other factors working, rather than just
the carrier concentration in the determination of whether
the material is a superconductor or antiferromagnetic.
Similar conclusions were reached for the case of Auorine
doping of YBa2Cu30 .

At the other extreme, we also studied the effect of hy-
drogen on the Y NMR resonance in the nonsupercon-
ductor YBa2Cu306, where all the chain oxygen are miss-

ing. Here the hydrogen does not cause the resonance
line to shift continuously as a function of hydrogen con-
centration. Rather a new line is introduced at a higher
frequency and this line increases in intensity as the hy-
drogen concentration is increased. The conclusions were
that either the hydrogen enters a new site or, a new phase
is produced.

In this study, we have investigated the intermediate

case of H YBa2Cu3O6 7 in order to clarify the interplay
of oxygen removal and hydrogen addition. The results
seem to confirm our previous findings of the contrasting
ways that the hydrogen concentration affects the elec-
tronic structure and the transition from a superconductor
to an antiferromagnetic material.

II. EXPERIMENTAL METHOD

Five samples of H„YBazCu3067 (x =0, 0.21, 0.50,
0.70, 1.04) were prepared by methods described previous-
ly. ' Magnetic susceptibility measurements showed that
the first three samples contained superconducting materi-
a1 having onset T, 's of 66, 60, and 40 K, respectively.
This is in agreement with the finding that fully oxygenat-
ed YBCO, when doped with hydrogen, retains its onset
T, of 92 K, while YBCO that has its T, reduced by oxy-
gen depletion or alloying, has its T, reduced further upon
hydrogen doping. '

The Y NMR resonance was measured at room tem-
perature at a resonance frequency of 14.707 MHz and the
shift was relative to Y in an aqueous solution of YC13.
The NQR spectra' were obtained by measuring the echo
intensity as a function of frequency at a stepwise frequen-
cy sweep. The spectra in the 20—35 MHz range were ob-
tained at 4.7 K, while the measurements in the 90 MHz
region were performed at 1.2 K.

III. EXPERIMENTAL RESULTS

The Y NMR absorption spectra were obtained at
room temperature for different hydrogen concentrations
x. Three of the traces are shown in Fig. 1. The sample
having a concentration of x =0.21 has a shape similar to
those of x =0 and 0.50, while that of concentration

0163-1829/95/52(5)/3091(4)/$06. 00 3091 1995 The American Physical Society



3092 BRIEF REPORTS

FIG. 1. The ' Y NMRMR absorption traces of H YBa
q cy increases toward th

e ro en line shows the position of
found for H YB Ca2 u 306 (Ref. 7).

i ion o the extra NMR line

52

x =1.04 iis similar to that of x =0.70. Both the x =
1 d h =1.04 1sample show a hum at hi

frequency. Its origin will b d'e iscussed later.

3(b th
igure 2 a) gives the line shift relative t YCl,ive o 13, and Fi

li st k tob tth--, -d h. l--d h'-'.".
~ ~

en o e at the maximum of the res
p

e. e jump in the linewidth b a fa
d

'
d bine o e an indication of the tr

uc ing material to an
one. ' '" M

an antiferromagnetic
agnetic susce tibilit m

firmed that the s

'
y measurements con-

at t e samples having narrow lines w

eissner eFect down to li ui
x =0.5 s

iquid helium temperature. The
x = . sample has a transition tern p

linewidth was that of a non g
owever, N R measurasurements on this

s owed an antiferroma g
signal in the 90 MHz re ion. H

sample is definitely
'

d
gion. ence the

ture. Th

'
ey a mixed has

'
e y d p e at this low tern era-

e nondetection of a wide NMR line at
perature may be d

e ine at room tem-
e ue to t e fact that this

may be above the Neel tern erature
is temperature

the noise.
e ee temperature, or that it is buried in

The N Rspectra were obtained for h dr g
.50, and 0.70 at 4 g

z. e results are shown in Fi 4.ig. . In addi-

E 40—
CL

0
U)

o —40—

0 +++

+.o ~ ~

+
+of

Hydrogen Concentration x/2, (x/2+0. 3)

0.0 0.2
Oxygen Defficiency 6

0.4 0.6 0.8 1.0
I

-
&& H&&YBa2Cu30s, 7(x/2+0. 3 axis)

80 —~ H„YBa2Cuq07(x/2 axis)
- +YBa2Cus07-s(8 axis)

0 &&

N

U

Q)

Oxygen Defficiency 6
H droy rogen Concentration x, (x+ 0.3)

0.4 0.8 1.2 1.60.0
I

- ~ H&&YBa2Cus07 (x axis)

0 H„YBa2Cug06. 7
(x+0.3 axis)

4 + YBa2Cu307-
(b axis)

2,0

—80—
4

—120 I I I
I

80

40E
CL

4—

V)

cr —40

0—

~ HxYBa2Cu 307
0

-
&& HXYBa2Cuq06. 7

(b)

N

4

3—U

C
2

r

6 I I

- ~ H&&YBa2Cus07 (x/2 axis)
5-

&& H)(YBa2Cug06. 7
(x/2 + 0.3 axis)

+ YBa2Cug07-
(6 axis)

—80—
I

—'i 20 -'
0.0 0.4 0.8 1.2 1.6

Hydrogen Conc entration x
2.0

FIG. (a) The room tern eratur
H„YBa Cu 0

mperature Y resonance shift of
a2 u3067 as a function of hydro en c

d o h ofHa o YBa2Cu307 {Ref. 1). (b) Th
suits as in (a) except th

e same re-

plotted as a fu t'
ep at now the h dro en

unction o x/2 for H YBa Cu
y gen concentration is

2 30, and as a func-

undoped oxygen-depleted YBa Cu 0 is
or H„YBa2 u3067. In addition the

2 3 7 Q is give as a function of
an ). It is seen that the three

within the scatter of th
ree cases coincide

r o e experimental points.

..4
(a)

0.0 0.2 0.4 0.6 0.8
I s I a I i I

1.0
Hydrogen Concentration x/2, (x/2 + 0.3)

Oxygen Defficiency 5

FIG. 3. a he room-temperature linewi 89

o x a2Cu30, (Ref. 1

a2 u3067 as a function of x/2+0. 3
YBa2Cu 0 (R

o x 0.3, and of undoped

3 7 $ ef. 1 1) as a function of ox en d
Connecting lines are aids

o oxygen deficiency 5.
es are ai s to the eye. The um in

cates transition to th
j p in width indi-

o e anti erromagnetic has
(a) except that th

g
'

p ase. {b) Same as in
a e respective linewidths area

' '
are plotted as functions



52 BRIEF REPORTS 3093

N

C

0
t

L

20

x=0.50
(c)

(a)

I I I I

22 24 26 28 30
Frequency (MHz)

I a

32 34

I I I I l I I I
I the shift in H YBazCu306 7 as a function of x/2+0. 3 as

was done in Fig. 2(b), we get very good coincidence. We
have also included the Y shift as a function of oxygen
depletion 5 in YBazCu307 |; as obtained by Alloul
et al. " and Balakrishnan et al. ' The results bear out
the contention of a ratio of 2:1 for H and 0 as far as the
electron concentration in the conduction band is con-
cerned.

As was originally shown by Alloul et ai. ,
" the change

from a superconductor to an antiferromagnetic material
is reAected by an approximate quadrupling of the Y
linewidth due to the antiferromagnetic interaction. If we
now try to do the same for the linewidth as was done for
the resonance shift, i.e., we plot the linewidth as a func-
tion of x/2 for H YBazCu3O7, as a function of x/2+0. 3
for H YBazCu3O6 7, and as a function of 6 for the un-
doped YBazCu307 s, then we get the result of Fig. 3(a).
We see that there is no coincidence in the position of
where the linewidth quadruples. If, however, we plot the
respective cases as a function of x, x+0.3, and 6, as
shown in Fig. 3(b), we get much closer to a coincidence of
the position of the transition. This indicates that as far as
the transition from superconductor to antiferromagnet is
concerned, adding one hydrogen has the same effect as
removing one oxygen.

FIG. 4. The Cu NQR spectra of H, YBazCu3067 in the
20—35 MHz range.

tion, an AFNR signal was detected at 1.2 K for sample
x =0.5 in the 90 MHz region. The inAuence of hydrogen
on the NQR spectra is readily apparent.

IV. DISCUSSION

A. Y resonance shift and linewidth

It is commonly accepted that the removal of chain oxy-
gens from YBazCu307 results in the loss of holes in the
conduction band. We have previously' shown evidence
that for the case of fully oxygenated YBazCu307, the ad-
dition of hydrogen causes the resonance to shift in the
same manner as the removal of the chain oxygen, where
the addition of two hydrogens is equivalent to the remo-
val of one oxygen. Since the shift is a reAection of the
density of states at the Fermi level, this indicates that
each hydrogen atom contributes half as many electrons
to the conduction band as oxygen contributes holes. In
contrast to this, the transition from a superconductor to
an antiferromagnet seems to occur at a hydrogen to oxy-
gen ratio closer to 1:1. This unexpected result is also
confirmed in the present study. In Fig. 2(a), we again
show the Y shift as a function of hydrogen concentra-
tion obtained in the present study, compared with that
obtained for the case of fully oxygenated YBazCu307. We
see that there is a displacement between the two
results. Since H YBazCu306 7 has a deficit of 0.3 oxygens
as compared to H YBazCuO7, if we shift the 06 7 results
by 0.3 we should get coincidence of the two if the
equivalency of oxygen to hydrogen were 1:1. This does
not occur. If, however, we plot the shift in
H YBazCu307 as a function of x /2 instead of x, and split

B. Line shape of the high hydrogen concentration
Y resonances

The NMR absorption traces of the nonsuperconduct-
ing samples (x =0.70 and 1.04) shows a hump on the
high-frequency side (Fig. 1). Approximating the trace as
a sum of two Gaussians indicates that the extra peak
occurs at the frequency where a second resonance was
found for the case of H YBazCu306. H NMR
and measurements on deuterated, fully oxygenated
D„YBa2Cu30~ (Refs. 13 and 14) implied that the hydro-
gen probably resides between the bridging O(4) and chain
O(1) oxygen. Thus it was reasoned in Ref. 7 that in the
absence of chain oxygens, the hydrogen either sits at a
different site, or a new amorphous phase is formed where
the hydrogen enters. (The phase is deemed amorphous
since it was not detected by x-ray diff'raction. ) The two

Y resonances found in H„YBa2Cu3O6 (whose frequen-
cies were independent of hydrogen concentration), were
attributed according to the first hypothesis to be due to Y
having two different H environments; and according to
the second hypothesis, to Y in the two different phases.

The extra peak in our higher concentration samples
seems to indicate that the presence of chain oxygen va-
cancies creates an environment in which the hydrogen
are either in an additional site, or form an additional
phase. This is also supported by the fact that the Knight
shift of the main Y resonance does not continue to in-
crease when x goes from 0.70 to 1.04 [Fig. 2(a)]; i.e., as
more hydrogen is added to the material it does not go
into the site that fills the conduction band.
(We do not know whether the nonsuperconducting
Hp 7pYBazCu306 7 and H, p4YBazCu, 06, samples are in-
sulators. The resonance shift does seem to increase with x
in H„YBazCu3O7 even after the nonsuperconducting re-
gion is reached. ')
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C. Cu NQR in H„YBa,Cu306 7

The NQR resonances of Cu and Cu in
H„YBa2Cu306 7 are shown in Fig. 4. We will refer only
to the higher Cu resonance, the Cu resonance being
determined simply from the ratio of the quadrupole mo-
ments ( eq/ eq=0. 923). As usual, we will refer to the
chains coppers by Cu(1) and their oxygen coordination by
a subscript, and the plains copper by Cu(2).

The NQR spectra of Cu in YBCO with various oxygen
concentrations have been studied and interpreted by
many investigators (see, e.g. , Refs. 15—19). It has been
shown that when hydrogen is added to YBa2Cu307,
many of the same features show up in the NQR spectrum
as when oxygen is removed. We now look at the effect of
hydrogen doping on YBa2C 3 6.7 ~

Figure 4(a) shows the usual Cu NQR spectrum found
for this oxygen concentration (see, e.g. , Ref. 15). The
sharp Cu(1)z line at 31.5 MHz is seen, superimposed on
the broad Cu(2) line. Also the 22. 1 and 24.0 MHz lines
corresponding to Cu(1)4 and Cu(1)3 are observed.

When hydrogen is added [Fig. 4(b)], the Cu(2) line is
considerably reduced, similarly to the case of hydrogen-
free YBCO below the 60 K plateau. The latter was attri-
buted by Heinmaa et al. ,

' to a slowing down of the
spin fluctuations. Magnetic susceptibility measurements
shows that the x =0.21 material has an onset T, of 60 K.
The remains of the 22. 1 MHz Cu(1)4 and 24.0 MHz
Cu(l)3 lines are essentially removed by the addition of
x =0.2 of hydrogen. The x =0.70 material [Fig. 4(d)], is
a nonsuperconductor and we see that the main contribu-
tion of the Cu(1)z line now appears at 30.2 MHz, just as
for the case of oxygen-depleted nonsuperconducting
hydrogen-free YBCO. The same occurs for fully oxy-

genated, hydrogen-doped YBCO. The x =0.5 sample
[Fig. 1(c)] shows both features: the 30.2 MHz line and
the 31.5 MHz line. Such a spectrum is not observed for
hydrogen-free, oxygen-depleted YBCO. The x =0.5 sam-
ple has been shown, by magnetic susceptibility measure-
ments, to contain superconducting materia1 having an
onset T, of 40 K. That it also contains an antiferromag-
netic phase is proven by the presence of the Cu(2) AFNR
signal around 90 MHz. Thus the x =0.5 sample must be
a mixture of a superconducting and antiferromagnetic
phase.

These measurements show again that the addition of
hydrogen results in effects similar to the removal of oxy-
gen. A significant difference is that for the case of oxygen
depletion, the transition from superconductor to antifer-
romagnet is sharp, while in our case there is evidence of a
mixed superconducting and antiferromagnetic phase.

V. CONCLUSIONS

By comparing the Y resonance of hydrogen-doped
oxygen-deficient H YBa2Cu3067 with the resonance in
H„YBazCu307 and YBazCu307 &, we conclude that as
far as the electronic structure is concerned, the number
of electrons contributed to the conduction band by each
hydrogen is equal to 1/2 the holes contributed by each
chain oxygen. On the other hand, the transition from a
superconductor to an antiferromagnet is governed by
other considerations, wherein the addition of one hydro-
gen is equivalent to the removal of one chain oxygen.
The NQR results reconfirm that the addition of hydrogen
changes the Cu valency in a manner similar to the remo-
val of oxygen. It is also seen that when enough hydrogen
is added to oxygen-depleted YBCO, the hydrogen enters
in either two sites, or in an additional new phase.
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