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MAGNETISM AND SUPERCONDUCTIVITY BY NMR STUDY

K. Asayama, Y. Kitaoka and Y. Kohori

Department of Material Physics, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan

Abstract. — Results of NMR measurement on high 7. oxide superconductor are reviewed together with heavy elef:tr(?n
superconductor. In high T, compounds, superconductivity and antiferromagnetism compete with each other, while in
heavy electron system both coexist or compete. The property of Cooper pair is discussed in high T¢ superconductor

together with the heavy electron superconductor.

In the several systems where superconductivity and
magnetism interact with each other, heavy electron su-
perconductor and high 7. oxide superconductor are of
particular interest. There are several similar aspects
in both systems. In these systems antiferromagnetic
ordering and superconductivity appear in coexistence
or in competition [1]. The property of superconduc-
tivity is unconventional in heavy electron system [1]
which is also seen in high 7. superconductor in NMR,
measurement. There is a possibility of non-phonon
mechanism, an attractive interaction through a mag-
netic fluctuations, being responsible for the occurrence
of superconductivity, although any direct evidence for
this is not proved.

In this paper a recent review on NMR measurements
of high T. superconductor will be presented together
with a brief review on heavy electron systems [2].

1. Heavy electron system

1.1 MAGNETISM. — The neutron diffraction measure-
ments have observed the antiferromagnetic correlation,
sometimes static antiferromagnetic ordering, appear-
ing in the ground state of heavy electron system, which
seems to be a general property of this system [1]. The
static antiferromagnetic ordering is reflected in the line
broadening associated with the internal field and in
the anomaly in the nuclear spin-lattice relaxation rate
T7' in NMR. In CeAl, NMR line broadening due to
antiferromagnetic ordering has been reported [3]. A
rapid decrease of 77" due to a gap opening associated
with SDW ordering is observed in URu2Si» [4]. Recent
NMR measurements have revealed that the systems
CeCu»Siy [5], CeAls [6] and CelnCus [7] are ordered
at low temperature.

1.2 SUPERCONDUCTING PROPERTY. — T in CeCu»Sis
[8], UBeis [9], URusSiz [4] and UPt3 [10] in super-
conducting state all show an unconventional behavior.
Ty below T, decreases monotonously and in propor-
tion to T at low temperature. These behaviors are

explained in terms of an anisotropic superconductiv-
ity, the gap disappearing on lines at the Fermi surface.

2. High T¢ oxide superconductor
2.1 MAGNETISM.

2.1.1 (LayBai—_»), CuO4. — LagCuOy is an antiferro-
magnet with Tn ~ 240 K. With replacing La by Ba,
Tw decreases rapidly [11] and then superconductivity
appears for z & 2.5 % [12]. Figure 1 shows a NQR
spectrum of La at 4.2 K [13]. The complicated struc-
ture is well explained by a large electric quadrupole
interaction together with a small Zeeman energy due
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Fig. 1. - 13972 NQR. spectra of LapCuQy4. Calculated
frequencies are shown by arrows [13].
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Here, H) and H. are the parallel and perpendicular
component of the internal field at La site with respect
to the ¢ axis respectively. Taking e?qQ/ k, H, I Ho
and 7 as 89.3 MHz, 200 Oe, 1000 Oe and zero, the
calculated energy levels up to second order of Hz to
Hq reproduces the experiment. quite well. The inter-
nal field is the dipole field from the magnetic moments
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on Cu whose direction is in the ¢ plane with a small
component to ¢ axis. Figure 2 shows the change of
the spectra with z for R(2)R(3) and R(4)R(5) in fig-
ure 1. The splitting due to H, exists up to about
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Fig. 2. — Spectra in (LajzBag), CuOy4 [13] corresponding
to R(2), R(3), R(4) and R(5) in figure 1.

x = 0.025 where the superconductivity starts to ap-
pear. With increasing temperature H, decreases be-
coming zero at T, which is plotted in figure 3. The
change of H, is also plotted. T agrees with the tem-
perature at which the transversal relaxation rate of
signals R(6) and R(7) diverges [14]. Tx decreases first
rapidly and then slowly. It should be noticed that no
abrupt change in H; is observed in spite of the dis-
continuous change of Ty around z ~ 0.008. This fact
indicates that the magnetic arrangements surrounding
La do not change over z ~ 0.008 drastically. On the
other hand no anomaly in the specific heat is observed
at Ty for z > 0.008 [15]. From these results it is con-
sidered that the three dimensional antiferromagnetic
ordering appears exists up to x = 0.008 and then a
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Fig. 3. — Phase diagram of (La;_zBas), CuO4 system.
(e):. Ty from NQR [13], (=): from susceptibility [11], (&):
Hy [13].
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spin glass type ordering appears where the two dimen-
sional ordering still exists although the long range or-
dering along c axis is lost. Recently Aharony et al. [16]
proposed a spin glass type ordering. In their scheme, a
local ferromagnetic interaction is induced by the holes
introduced at oxygen sites when Ba is substituted to
La. This interaction destroys the three dimensional or-
dering, whereas the two dimensional antiferromagnetic
correlation still remains. This model explains well the
obtained magnetic phase diagram in figure 3.

2.1.2 YBasCu3O7_y. — There are two inequivalent Cu
sites in CuO2 plane Cu(lI) and in CuO chain Cu(T) for
this compound. Since Cu has two isotopes both hav-
ing I = 3/2, two pairs of NQR signals are expected.
The NQR signals of Cu are observed as shown in fig-
ure 4a {17-21]. The signals around 30 ~ 32 MHz and
20 ~ 22 MHz are assigned to Cu at (II) and (I}, respec-
tively after several discussions [19, 20, 22-25]. When
Y is replaced by Gd, Sm, and Nd, two pairs of Cu
signals appear in almost the same frequency range as
in Y case. In these replaced systems, T7 of the sig-
nal around 32 MHz is much shorter than at 20 MHz
which supports the above assignment [23]. Further-
more, analyses of Cu NMR spectra in the external field
in the grain oriented sample also confirm the above as-
signment [24, 25].

Figure 4b, ¢ and d show NQR spectra for y = 0.35,
0.7 [26] and 0.9 [25, 27, 28]. The line broadens below
20 K for y = 0.7 [25] and splits at 4.2 K for y = 0.8 [27].
For y ~ 1 an antiferromagnetic ordering was already
reported by uSR [29] and neutron diffraction measure-
ment [30] with T ~ 400 ~ 540 K. Furthermore, the
neutron diffraction in single crystal for y ~ 0.65 shows
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Fig. 4. — NQR spectra of 83Cy and ¥Cuin YBazCuzO7—y.
(a) y ~ 0 [17-21] (b) vy = 0.35 [26] (c) y = 0.7 [26] (d)
y = 0.1 [25, 27, 28].
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an antiferromagnetic order at Cu(1I) site appearing be-~
low 405 K and then the second ordering at Cu(lI) site
with small moment below 40 K [31]. Recently, NMR
signals due to Cu(II) site are observed around 100 MHz
for y = 0.9 ~ 0.7 [32]. Thus the signals observed
around 30 MHz in figures 4c and d are demonstrated
to he due to Cu(l) site. The broadening and splitting
observed for ¥ = 0.7 and 0.8 correspond to modifica-
tions of the magnetic ordering. The phase diagram
obtained by neutron diffraction [31, 33] uSR [35] is
shown in figure 5.

YBa,Cuy07-y
4001~

200 B p

Te, TN(K)

Fig. 5. — Phase diagram of YBayCu3zO7_y. Neutron
diffraction [30, 31], (o) [31], (e) [33], uSR (&) [34], NQR
(=) [35]. The solid line in antiferromagnetic phase indicates
a change of the magnetic ordering.

2.2 SUPERCONDUCTING PROPERTY. - Ti of Cu in
YBazCuzOr.., system was measured by several groups
[17, 19, 20, 36-38]. The results agree qualitatively
with each other. Figure 6 shows T1 at Cu(II) site [37].
The characteristic aspects are as following: 77 - above
T. is not linear to T but changes more slowly. Be-
low T., T7 ' decreases rapidly and then shows a sat-
uration behavior at low temperature. By comparing
71 of ®*Cu and ®®Cu the relaxation above 20 K has
been confirmed to be magnetic in origin whereas be-
low 20 K the electric quadrupole relaxation begins to
participate. By using a relation [37]

Z 559 /63 Q
* oy [5) = (5°Q/5Q)
with Z =%T} ops /**T1 obs the magnetic relaxation
Ty m has been separated from the observed Ti as
shown in the figure by open dot circle. Thus 77 ' as-
sociated with the magnetic relaxation decreases nearly
in proportion to T° at low temperature.

To see the behavior in normal state in wider
temperature range, 737 has been measured in
YBas (Cuo.gszno_02)3 Or with T. =60 K [39]. As seen
in figure 6, the values above 100 K are almost the same

1/63T1 M= 1/63T1 obs
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as those for = 0, whereas 71T = const. law begins to
hold below 100 K. The deviation from T, T = const.
law above 100 K may be attributed to antiferromag-
netic fluctuations [38].

T1 of Y is proportional to T above 1. [36]. Below
T., Ty* decreases monotonously rapidly.

The behavior of T of Cu in superconducting state is
in contrast with the usual BCS superconductor. 77 !
in superconducting state is expressed as [40]
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Fig. 6. — T * of ®3Cu at Cu(II) site in YBasCuzO7_, and
YBaz (Cuo.98Zng 02)3 O7—5. (»): y =0, (©): magnetic re-
laxation T1 M separated from observed value, (A): y ~ 0.35
(above T¢ [37, 41] and below T¢ {42]), (o): Zn substituted
system.

l/Tl s =
u / A* (N2 (B) + M2 (B)) £ (B)(1 - £ (B)) dF

where A is the hyperfine coupling constant, N; (F) and
M, (E) are NoB an No

\/ E2 — A2 \/ E2 - A2
with normal density of states No. f (E) is the Fermi
function, and 2 A is the energy gap. Owing to a uni-
form energy gap in BCS superconductor, which gives
rise to a divergence of both N; (E) and M, (E) at the
gap edge, 77 shows an enhancement just below T,
and then decreases exponentially. The absence of the
enhancement and non-exponential behavior, nearly T3
dependence at low temperature, in the present system
suggested the anisotropic nature of the superconduc-
tivity (p or d-wave).

On the other hand, the Knight shift of Cu is ob-
served to decrease below T indicating the singlet pair-
ing in this system [37]. Thus the superconducting pair-
ing function was considered to be of d-wave due to a
strong on-site Coulomb repulsion [37].

, Tespectively,
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In the d wave pairing the gap disappears on lines
and/or points which provides 7% or T dependence
of T{! at low temperature. Furthermore, A () takes
positive and negative values becoming zero on the av-
erage which makes M, zero. If we assume tentatively
24 (6) = 12kT. cos ¢ the experiment is well reproduced
as shown by a solid line in the figure.

T1 of Cu in (I) site shows no rapid decrease below
T. as if the gap at this site is small [20]. However,
T; at Cu(l) is sample dependent: an analysis of 77
by Kitaoka et al. [37] shows that the quadrupole re-
laxation plays a dominant role which masks the intrin-
sic relaxation associated with the conduction electrons,
whereas Warren et al. show that the relaxation is mag-
netic [20]. So we cannot say about the superconducting
property on site (I).

T7* on site (II) for YBayCusOe.65 becoming super-
conducting below 60 K is also shown in figure 6. 77! in
normal state is surprisingly suppressed compared with
YBasCuzO7 [37, 41]. A sharp peak appearing below
T. is attributed to an extra relaxation due to some im-
purity electron spins (probably free Cu spins) whose
fluctuation rate decreases rapidly below 7. and passes
through Cu NMR frequency at about 50 K [42]. It
should be noted that the effect of Zn substitution and
O defliciency on T4 in normal state are quite different,
even when the depressions of 7. are same.

Quite recently, Kitaoka et al. [43] have found that
1/ Ty of 17O substituted at CuO2 plane has a clear en-
hancement just below T, which suggests strongly the
s-wave pairing of the superconductivity. The d-wave
like behaviour observed in Cu relaxation may be ex-
plained by a rapid reduction of antiferroragnetic fluc-
tuation below T. which is considered to be localized
at Cu site and enhances the 1/ 71 of Cu in normal
state. This suggests that the superconductivity is car-
ried by O p-holes. A remarkable reduction of 1 / T of
Cu at CuO: plane from YBa2CuzO7 to YBa2CuzOa.es
in normal state may be attributed to a reduction of the
antiferromagnetic fluctuations associated with the de-
crease of oxygen hole number.

In summary, superconductivity and antiferromag-
netic ordering in high-T. compounds appear with their
region in contact with each other when the concentra-
tion of Ba or O are changed in (Lai—xBax), CuO4 and
YBazCuzO7—,. This behavior is similar to the heavy
electron system where the superconductivity and mag-
netic ordering coexist or compete.

In YBa2CuzOr~, the nuclear relaxation behavior of
Cu is d-wave like as in the case of heavy electron sys-
tem. However recent study on O suggests s-wave pair-
ing. The d-wave like behavior in Cu may be caused
by a reduction of antiferromagnetic spin fluctuations
localized on Cu site in superconducting state. This
suggests that the superconductivity is carried by oxy-
gen p-holes.

JOURNAL DE PHYSIQUE

Acknowledgments

Our works in this review were partially supported
by Research Project for high T¢ superconducting Ox-
ides of Ministry of Education, Science and Culture of
Japan.

[1] Recent reviews for heavy electron system: Fisk,
Z., Ott, H. R. and Aeppli, G., Jpn J. Appl. Phys.
26 (1987) 1882;

Ott, H. R., Physica B 148 (1987) 1;

Fisk, Z., Hess, D. W., Pethick, C. J., Pines, D,
Smith, J. L., Thompson; J. D. and Willis, J. O,
Science 239 (1988) 33;

Fisk, Z., Borges, H., McElfresh, M., Smith, J. L.,
Thompson, J. D., Ott, H. R., Aeppli, G., Bucher,
E., Lambert, S. E., Maple, M. B., Broholm, C.
and Kjiem, J. K., Proc. Inter. Conf. on High
Temperature Superconductors and Materials and
Mechanism of Superconductivity, Interlaken, 1988
(Proc. I.C.H.T.S: 1988 Interlaken).

[2] Review on NMR measurement in heavy electron
system: MacLaughlin, D. E., J. Magn. Magn.
Mater. 47 (1985) 121;

Asayama, K., Kitaoka, Y. and Kohori, Y., Proc.
ICCF 6 (Frankfurt) 1988.

[3] MacLaughlin, D. E., Pena, O. and Lysak, M.,
Phys. Rev. B 23 (1981) 1039.

[4] Kohara, T., Kohori, Y., Asayama, K., Kitaoka,
Y., Maple, M. B. and Torikachvili, S., Solid State
Commun. 59 (1986) 603; Jpn J. Appl. Phys.
Suppl. 26 (1987) 1247.

[5] Kitaoka, Y., Yamada, H. and Asayama, K., Proc.
ICCF 6 (Frankfurt) 1988.

[6] Nakamura, H., Kitaoka, Y., Asayama, K. and
Flouquet, J., submitted to J. Phys. Soc. Jpn
and ICCF 6 (Frankfurt) 1988.

[7] Takagi, S., Kimura, T., Sato, N., Satoh, J. and
Kasuya, T., to be published J. Phys. Soc. .Jpn;
Nakamura, H., Kitaoka, Y., Asayama, K., Onuki,
Y. and Komatubara, T., submitted to J. Phys.
Soc. Jpn.

{8] Kitaoka, Y., Ueda, K., Kohori, K., Asayama, K.,
Onuki, K. and Komatsubara, T., J. Magn. Magn.
Mater. 52 (1985) 341;

Kitaoka, Y., Ueda, K., Kohara, T., Kohori, Y.
and Asayama, K., Proc. 5th Int. Conf. Valence
Fluctuations {Bangalore) 1987.

[9] MacLaughlin, D. E., Cheng Tien, Clark, W. G.,
Law, M. D., Fisk, Z., Smith, J. L. and Ott, H. R.,
Phys. Rev. 53 (1984) 1833.



K. Asayama et al.

{10} Kohori, Y., Kohara, T., Shibai, H.,, Oda, Y.,
Kaneko, T., Kitaoka, Y. and Asayama, K., J.
Phys. Soc. Jpn 57 (1988) 395; Jpn J. Appl. Phys.
Suppl. 26 (1987) 1239; Proc. ICCF 6 (Frankfurt)
1988.

[11] Fujita, T., Aoki, Y., Maeno, Y., Sakurai, J.,
Fukuba, H. and Fujii, H., Jpn J. Appl. Phys. 26
(1987) L368.

[12] Bednorz, J. G. and Muller, K. A., Z. Phys. B 6
(1986) 189,

[13] Kitaoka, Y., Hiramatsu, S., Kohara, T., Asayama,
K., Ohishi, K., Kikuchi, M. and Kobayashi, N.,
Jpn J. Appl. Phys. 26 (1987) L397;

Kitaoka, Y., Hiramatsu, S., Ishida, K., Kohara,
T., Asayama, K., J. Phys. Soc. Jpn 56 (1987)
3024;

Kitaoka, Y., Ishida, K., Hiramatsn, S. and
Asayama, K., J. Phys. Soc. Jpn 57 (1988) 734.

[14] Kumagai, K., Watanabe, L., Aoki, H., Nakamura,
Y., Kimura, T., Nakamichi, Y. and Nakajima, H.,
Physica B 148 (1987) 480.

[15] Kobayashi, T. and Amaya, K., Proc. I.C.H.T.S.
(Interlaken) 1988.

[16] Aharony, A., Birgenean, R. J., Coniglio, A., Kast-
ner, M. A. and Stanely, H. E., submitted to Phys.
Rev. Lett.

[17} Furo, I., Janossy, A., Mihaly, L., Banki, P., Proc-
sic, 1., Bakonyli, I., Heinmaa, I., Joon, E. and Lip-
maa, E., Phys. Rev. B 36 {1987) 5690.

[18] Liitgemeier, H. and Pieper, M. W., Solid State
Commun. 64 (1987) 267,

[19] Mali, M., Brinkmann, D., Pauli, L., Roos, J., Zim-
merman, H. and Hullinger, J., Phys. Lett. A 124
(1987) 112.

[20] Warren, W. W., Jr., Walstedt, R. E., Brennert,

G. F., Espinosa, G. P. and Remeika, J. P., Phys.
Rev. Lett. 59 (1987) 1860;
Walstedt, R. E., Warren, W. W., Jr., Tycho,
R., Bell, R. F., Brennert, G. F., Cava, R. J,,
Schneemeyer, L. and Waszczah, J., submitted to
Phys. Rev. B.

[21] Kitaoka, Y., Hiramatsu, S., Ishida, K, Kobhara,
T., Oda, Y., Athaya, K. and Asayama, K., Physica
B 148 (1987) 298.

[22] Kohara, T., Kohori, Y., Kitaoka, Y., Hira-
matsu, S., Ueda, K., Kaburagi, M., Oda, Y. and
Asayama, K., Physica B 148 (1987) 292.

[23] Kohori, Y., Shibai, H., Oda, Y., Kohara, T., Ki-
taoka, Y. and Asayama, K., J. Phys. Soc. Jpn 57
(1988) 744.

C8 - 2129

[24] Shimizu, T. et al. to be published J. Phys. Soc.
Jpn.

[25] Liitgemeier, H., Proc.
1988.

[26] Kitaoka, Y., Hiramatsu, S., Ishida, K., Asayama,
K., Takagi, H., Iwabuchi, M., Uchida, S. and
Tanaka, S., J. Phys. Soc. Jon 57 (1988) 737.

[27] Mihaly, L. et al., Proc. I.C.H.T.S. (Interlaken)
1988.

[28] Ishida, K. et al., in preparation.

[29] Nishida, N. et al, J. Phys. Soc. Jpn 57 (1988)
597.

[30] Tranquada, J. M., et al., Phys. Rev. Lett. 60
(1988) 156.

(31] Kadowaki, H., Nishi, M., Yamada, Y., Takeya,
H., Takei, H., Shapiro, S. M. and Shirane, G.,
preprint.

[32] Yamada, Y. et al, submitted to J. Phys.
Jon.

[33) Rossat-Mignod, J. et al., Proc. I.C.H.T.S. (Inter-
laken) 1988.

[34] Nishida, N. et al., Proc. 1.C.H.T.S. (Interlaken)
1988.

[35) Kitaoka, Y. et al., Proc. ICM (Paris) 1988.

[36] Markert, J. T., Noh, T. W., Russek, S. E. and
Cotts, R. M., Solid State Commun. 63 (1987)
847.

[37] Kitaoka, Y., Hiramatsu, S., Kondo, T. and
Asayama, K., J. Phys. Soc. Jpn 57 (1988) 30;
Kitaoka, Y., Hiramatsu, S., Kohori, Y., Ishida,
K., Kondo, T., Shibai, H., Asayama, K., Takagi,
H., Uchida, S., Iwabuchi, H. and Tanaka, S., Proc.
I.C.H.T.S. (Interlaken) 1988.

[38] Imai, T., Shimizu, T., Tsuda, T., Yasuoka, H.,
Takabatake, T., Nakazawa, Y. and Ishikawa, M.,
to be published in J. Phys. Soc. Jpn.

[39] Kohori, Y. et al., to be submitted to J. Phys. Soc.
Jpn and Proc. ICM (Paris) 1988.

[40] MacLaughlin, D. E., Solid State Phys. (Academic
Press) 31 (1976).

[41] Warren, W. W, Jr., Walstedt, R. E., Brennert,
G. F., Cava, R. J., Battlogg, B., Rupp, L. W.,
preprint.

[42] Ishida, K. et al., submitted to J. Phys. Soc. Jpn.

[43] Kitaoka, Y., Ishida, K., Asayama, K., Katayama-
Yoshida, H., Okabe, Y. and Takahashi, T., sub-
mitted to Nature.

LC.H.T.S. (Interlaken)

Soc.



