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Nuclear magnetic
resonhance

in high-T,
superconductors

by Michael Mehring

This paper is aimed at the nonspecialist in
nuclear magnetic resonance who wants to know
what NMR can do to increase his understanding
of high-T_ superconductors. Most NMR resuits
are discussed in an illustrative manner to
facilitate intuitive understanding. Several
specific NMR experiments are presented which
demonstrate the variety of this experimental
technique. Special emphasis is given to the
following aspects: ionic charges and quadrupole
interaction, local fields and magnetic ordering,
conduction electrons and Knight shifts,
quasiparticle excitations, and nuclear spin-
lattice relaxation.

1. Introduction

In this paper we wish to demonstrate that nuclear magnetic
resonance is one of the most important tools for the
investigation of high-T, superconductors [1]. In classical
superconductors NMR has already played a decisive role
[2-4]. One of the highlights was the demonstration of gap
opening and quasiparticle excitation by nuclear spin-lattice
relaxation in ~’Al [2, 3]. This was one of the strongest
supports for the theory of Bardeen, Cooper, and Schrieffer
(BCS). 1t is interesting to note that the same phenomena
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were observed by means of nuclear spin-lattice relaxation of
Lain La, ,Sr,,CuQ, [5]. Besides these nuclear spin
relaxation phenomena, there is a wealth of information
contained in NMR experiments. A review of NMR
experiments on classical superconductors given by
McLaughlin [4] is highly recommended for further reading.

The following is restricted to a few specific cases in which
NMR has been applied to high-7, superconductors. Section
2 deals with structural information obtained from
quadrupolar spectra. Since magnetism plays an important
role, hyperfine fields and magnetic ordering are discussed in
Section 3. In the normal state, high-T superconductors show
the typical metallic effects known as Knight shifts, discussed
here. However, they are strongly modified by magnetic
correlations, and this is treated in Section 4. Finally, nuclear
spin-lattice relaxation and its connection with BCS gap
opening are discussed in Section 5.

2. Structural information from quadrupole
spectra
The measurement of electrical field gradients (V,, V), V)
at a particular site in a crystalline solid by zero-field nuclear
quadrupole resonance (NQR) and high-field NMR is well
established. The only prerequisite is a nucleus with spin
I>1/2 and quadrupole moment @ # 0. In high-T,
superconductors there are plenty of those. Among the first
nuclei investigated were $Cu (I=3/2;v/2x = 11.285
MHz/T; eQ = 0.211 x 107 cm®), °Cu (I = 3/2; v/27 =
12.040 MHz/T; eQ = —0.195 X 10> cm?), and ¥La (/ =
7/2; v/2r = 6.014 MHz/T; eQ = 0.2 X 10”** cm®).

Let us begin with Cu NQR/NMR in YBa,Cu,0,. Mali et
al. {6] were among the first who observed Cu NQR as well as
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NMR spectra in this superconductor. Others obtained very
similar results [7-11] and confirmed the initial assignment of

Mali et al. concerning the two different Cu sites in
YBa,Cu,0,, namely Cu(1) for the CuO chains, with a
quadrupole frequency v, near 22 MHz, and Cu(2) for the
CuO, planes, with a quadrupole frequency near 31 MHz.

For a spin [ = 3/2, it is well known that the £1/2 — +3/2
transitions are degenerate and result in a single NQR line
[12] at

1/2
e 1 >
VQ=2% V::<l+§n> , (1)

where the asymmetry parameter n = (V, — V )/V_. cannot
separately be determined in zero field. It is therefore
necessary to apply a high magnetic field B,, where all four
levels (I = 3/2) are split. This results in a central transition
(—1/2 — 1/2) near the Larmor frequency v, . and two
“satellite transitions” at v+ v, (&, ¢) which now depend
strongly on the Euler angles (¢, 9) of the magnetic field with
respect to the principal axis system of the field-gradient
tensor [12]. As a result, the satellite transitions are
broadened so much that they are unobservable in
YBa,Cu,0, and only the central transition is observed. Even
the central transition is drastically broadened by second-
order quadrupole interaction, as is shown in Figure 1 [6(a)].
Moreover, both isotopes Cu and *’Cu are visible in the
spectrum. More recently, the spectra shown in Figure 2 have
demonstrated the combination of NQR and NMR spectra in
the superconducting samples of YBa,Cu,0, [11]. The
information obtained from both NQR and NMR leads to
the determination of V_. and ».

These values are very distinct for the two Cu sites.
Whereas n = 0 for the Cu(2) site, as might be expected from
just considering the local symmetry of Cu(2) (V.= V in
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the plane), n = 1 for the Cu(!) chain site [6-11, 13]. Mali et
al. [6] and, more recently, Riesenmeier et al. [14] have used
a point-charge model to account for the different asymmetry
parameters and the absolute value of V__at Cu(1). Figure 3
gives a pictorial representation of the point charges which
best fit the experimental data [6]. The following values were
obtained [6]: n [Cu(1)] = 0.92 experimental and 0.98
calculated. whereas v, [Cu(1)] = 22 MHz experimental and
21.3 MHz calculated. However, the agreement between
experiment and the point-charge calculation might be
fortuitous, and a more elaborate quantum-mechanical
calculation seems to be required. In this sense the point
charges quoted might be viewed as “fictitious” charges.
Nevertheless, they give important information on the
different local symmetries of the Cu(1) and Cu(2) sites.

3. Local fields and magnetic ordering: Hyperfine
broadenings and splittings

In this section we wish to demonstrate that NQR/NMR has
contributed much to the understanding of magnetic ordering
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Signal intensity (arbitrary units)

The Cu NMR spectrum of YBa,Cu,O, at 300 K according to Mali
etal. [6(a)]. A constant external magnetic field of 5.17 T was applied.
v, is the Larmor frequency of the respective Cu isotope. Special
spectral features have been assigned to the Cu(1) (chains) and Cu(2)
(planes) sites, respectively.

and correlations in this class of materials. Figure 4 shows the
NQR spectra of La,CuQ, by Kitaoka et al. [15(a)]. Since
Kitaoka presents their work in more detail in his paper in
this issue [15(b)], we discuss it only briefly. Figure 4
demonstrates clearly that all possible NQR transitions of the
1=1772 La spin can be observed, allowing determination
of the electric field gradient at the La site. Moreover, each
line is split because of a local field which arises from the
antiferromagnetic ordering originating at the Cu sites in
La,Cu0,. Such quadrupole splittings and local hyperfine
fields in La,_ (Sr, Ba) CuO,-type solids have been observed
by different groups [15-17]. The splitting of the lines is
directly related to the antiferromagnetic order parameter.
This is demonstrated in Figure 5 [17], where the line-
splitting can be followed up to the Néel temperature T, in
different samples in this class of materials [15-17]. Others
have observed the same effect, and a number of interesting
investigations have appeared dealing with antiferromagnetic
ordering in La,_ (Sr, Ba) CuO, [15-17].

NQR/NMR has helped considerably in establishing the
phase diagram which is schematically sketched in Figure 6.
Aharony et al. [18] discuss the physics of this phase diagram
in more detail: we confine ourselves here to a specific spin-
lattice relaxation phenomenon which has been observed in
La,CuO,_, [19, 20]. Oxygen and La defects in La,CuO, may
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lead to the introduction of holes into the CuO, layers in a
manner similar to Sr, Ba doping. It is therefore expected that
even a nominal La,CuQ, sample does not correspond to

X = 0 in Figure 6, where X is taken here as the
concentration of holes. When cooling such a sample, one
may proceed along a path indicated by the downward-
pointing arrow in Figure 6. Although the phase diagram
shows basically antiferromagnetic behavior, there is a rapid
increase in spin-lattice relaxation at low temperatures, as is
evident from Figure 7 [20]. Two characteristic temperatures
occur, namely 7, = 4.8 K and T, = 60 K. At both
temperatures there is an increase in the 7, relaxation rate,
which basically samples the extremely slow motion of the
antiferromagnetic order parameter. The critical increase of
the relaxation rate at T, = 4.8 K is, however, seen by both
T, and T,. Both nuclear spin-lattice relaxation times 7, and
T, are in this case very sensitive monitors of extremely slow
motion (in the kHz to MHz range) of the antiferromagnetic

MICHAEL MEHRING

NQR and NMR (at 64 MHz) spectra of YBaZCu3Oy, withy = 6.2 (top) and y

YBa,Cu,0,

2 y=62
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y=6.8
- (Superconducting)

NMR intensity (arbitrary units)
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Magnetic field (T)

L i

6.8 (bottom) at 4.2 K by Liitgemeier [11]. Assignments of the

order parameter. They indicate that at both temperatures 7,
and T, new magnetic states appear within the
antiferromagnetic domain. These might be the “spin-
canting” of the copper electron spins (7, = 60 K) and the
re-entrant spin-glass transition (7, = 4.8 K). Details of these
phenomena will be published elsewhere [20(b)]. It is
interesting to note, also, that the class of materials such as
YBa,Cu,0, exhibits a phase diagram very similar to the one
presented in Figure 6. Especially for v = 6 (Oq). the material
is antiferromagnetic. This has been nicely demonstrated by
Yasuoka et al. [21], whose results are shown in Figure 8. A
strong hyperfine field of about 7 T corresponding to 90 MHz
for the Zeeman splitting resides on the Cu(2) sites, whereas it
is absent at the Cu(!) sites. The Cu(1) sites just show the
typical NQR spectrum of *Cu (vg = 28 MHz) and SCu

(vo = 30 MHz), which is drastically shifted from where it was
for y = 7 (O,), namely around 22 MHz. This indicates that
the oxygen defects occur predominantly in the Cu(1) chains.

IBM ). RES. DEVELOP. VOL. 33 NO. 3 MAY 1989




At intermediate y the situation is slightly different and can
be followed quite nicely by NMR [22]. More detailed
information has come from NMR than from neutron-
scattering experiments in these materials [22].

4. Conduction electron spins: Knight shifts and
Korringa relation

The shift of an NMR line with respect to the bare nuclear
Larmor frequency », can be expressed [12] as

v=y. (1 + 8), 2)

where the total shift § comprises basically two different
contributions in metals:

=K, + K, +o 3)
Here the Knight shifts K, and K, are due to the

conduction electrons, whereas the chemical shift ¢ is caused
by the residual orbitals not contributing directly to the
conduction band. In metals the Knight shifts are usually the
dominant contribution to the total shift, and the chemical
shift can be subtracted by choosing a suitable nonmetallic
reference compound. We restrict ourselves in the following
to the Knight shifts, which may be expressed as

(spin) (orb)
K =2y (T)+—— , 4
zz h‘Y:‘Yn Xspm( ) h e‘yn Xorb ( )

where A_, is the hyperfine component parallel to the external
magnetic field (B, || z), x is the susceptibility per electron,
and v,, v, are the gyromagnetic ratios of electrons and
nuclei, respectively. The orientational dependence of K_,
follows that of 4,, and is well known for second-rank
tensors,

K, =K, sin’ 8 cos’
-2 .2 2
+ K, sin” 8sin” a + K;; cos” 5, (&)

where (K|, K,,, Kj;) are the principal elements of the
Knight-shift tensor, and the Euler angles (o, 8) denote the
orientation of the magnetic field with respect to the principal
axis system. In contrast to ordinary cubic metals, a strong
Knight-shift anisotropy is expected in high-T,
superconductors. To cite the “Knight shift” alone is thus not
sufficient. In fact, Knight shifts have been observed in
YBa,Cu,0, [6-11, 13]. Whereas Mali et al. [6] in their
original paper quote the Knight shifts Cu(l), K = 1072, and
Cu(2), K = 0.66 x 107°, single-crystal studies have more
recently become available [13] with the result for B, || c:
Cu(1), K= 0.6 X 107> and Cu(2), K = 1.25 x 10", The
apparent disagreement between these data is nicely resolved
in a very recent investigation by the Los Alamos group [23],
who used a magnetically oriented powder to study the
orientation and temperature dependence of the Knight shift
in YBa,Cu,O,. Figure 9 presents their data for the Knight-
shift anisotropy. From these studies [23] one obtains the
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Pictorial representation of the copper—oxygen skeleton in the
YBa,Cu, 0, unit cell. Chain Cu(1) and plane Cu(2) sites are labeled
correspondingly. The charges indicated follow the point-charge
model according to [6], as discussed in the text.

SRR ——

Knight-shift tensors (K, K, K.) = (0.6, 1.35, 0.6) x 107 for
Cu(1) and (0.6, 0.6, 1.25) x 107 for Cu(2) with basically the
same isotropic part K, = (K, + K, + K.)/3 = 0.8 X 107,
Both Knight-shift tensors are essentially identical except
for different orientations of the principal axis, which is
parallel to the b-axis for Cu(1) and parallel to the c-axis for
Cu(2). It is interesting to note that a similar relation holds
for the electric field gradient (see Section 2). However, the
essential facts about the Knight shift are that first of all the
Cu Knight shift in YBa,Cu,0, is 6-7 times larger than in
metallic copper, although the conductivity in the
superconductor above T is much smaller than for metallic
copper and also is practically the same for the Cu(l) and
Cu(2) sites. However, this does not prove that the
conduction mechanisms are identical for Cu(1) and Cu(2).
Before discussing this further, let us briefly take a look at
the copper spin-lattice relaxation. A number of reports on
nuclear spin-lattice relaxation (7',) of the two copper sites
[Cu(1l) and Cu(2)] showing essentially the same behavior
have appeared in the literature recently [6-10, 24]. The
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Zero-field (NQR) spectrum of 3% ain La,CuQ, at 1.3 K according to Kitaoka et al. [15]. All possible allowed nuclear spin (/ = 7/2) transitions
are observed. The line splittings result from the hyperfine field caused by the antiferromagnetic ordering.

relaxation rate in the metallic regime (7 > T) is much
stronger than in metallic copper and behaves differently for
Cu(1) and Cu(2). Both again do not follow the typical
Korringa relation [12]

KZT, T = const. (6)

In fact, a more general form of the Korringa relation can be
derived [25] as

KT, Tx C,S, = 1, (7
where

dmky (v, ?
=53 ®

with S, = 1 for the 3D free-clectron gas. When the
dimensionality of the electron dynamics becomes less than
3D, Sy > | is expected. In highly one-dimensional solids

Sy can reach values of the order of 80 [25]. Moreover, S,
can become temperature-dependent due to a change in the
temperature-dependent spectral density in highly correlated
systems. It should be noted that the observation of a Knight
shift and a Korringa-like relation is #ot a unique signature of
a metal. On the contrary, the same relations hold as well for
an insulator, provided it is magnetic and has rapidly
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exchanging spins governed by a large exchange-coupling
constant J. For both cases the Korringa relation can be
derived from the more general expression [26]

1 2k T

1
x (g, w,)
T~ 5 TAA,———, )
q n

where A4, is the spatial Fourier transform of the electron~
nuclear interaction and x (¢, ) is the imaginary part of the
transverse dynamic susceptibility. It is therefore quite
reasonable that the large Knight shift and the strong spin-
lattice relaxation of Cu in YBa,Cu,0, are caused not by the
holes on the oxygen sites, which are responsible for the
conduction, but rather by the electron spins residing on
Cu2+(2). The strong antiferromagnetic fluctuations on the
Cu(2) sites, due to the exchange-coupling constant J,
“modulate” the hyperfine interaction A4 with the nuclear
spins. According to the Anderson exchange model {27], a
“back-of-the-envelope” calculation yields for the nuclear spin
relaxation rate [28]

1 Aw’
— = 0.64
T, J’

(10)

where Aw = A/2. A reasonable estimate of 4 leads to
Aw = 2m X 1.25 x 10° rad-s~'. With 7', = 400 us (for T =
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Spin-echo amplitude (arbitrary units)

Frequency (MHz)

Spin-echo amplitude (arbitrary units)

Frequency (MHz)

NMR spectra of Cu nuclei in YBa,Cu,Oy in zero external field
according to Yasuoka et al. [21]. Top: Quadrupole line of %Cu (28
MHz) and %Cu (30 MHz) of the Cu(1) site at 4.2 K. Bottom: Local
field shifted Cu lines at Cu(2) site observed at 1.3 K.

{
g
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100-120 K), one arrives at J = 100 meV, which comes close
to similar values obtained from completely independent
measurements (see K. B. Lyons et al., Z. Schlesinger, and A.
Aharony et al. [29]). Although a more quantitative analysis
is necessary, it seems to be evident that the Cu relaxation is
governed by antiferromagnetic correlations rather than
conducting holes. This view is also supported by the
completely different relaxation behavior observed for 'O in
YBa,Cu,0, [30]. In view of these results, the Cu Knight shift
has to be interpreted as a “pseudo-Knight shift” in the sense
that it is caused by antiferromagnetic exchange. Since
hyperfine interaction may be transferred between Cu(2) and
Cu(1) via the pyramidal oxygen, this could be the reason for
similar Knight shifts of Cu(1) and Cu(2).
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In the superconducting state, the Cu Knight shift decreases
with decreasing temperature, as is expected for spin pairing.
However, as shown in Figure 9, the Knight shift does not
vanish completely, as would be expected for BSC-like
superconductivity. Nevertheless, Equation (4) tells us that
even if the spin susceptibility went to zero, the temperature-
independent orbital contribution could account for the
residual Knight shift. It is, however, surprising that the
orbital contribution should be so large. It might therefore be
feasible that even far below T, the Ccu™ spins are not paired,
but rapidly exchanging. On the other hand, any model which
allows for spin-carrying objects (spinons) in the
superconducting state [31] (i.e., with resultant large spin
susceptibility) has to deal with the fact that the nuclear spin-
lattice relaxation of all nuclei (not only that of Cu), decreases
by several orders of magnitude below T, [6-10, 24].
However, from a different perspective [Equation (10)], this
might be explainable by a rapid increase of J below 7.

Finally, it should be noted also that data for the ¥y
Knight shift [6, 32] and spin-lattice relaxation [33] behave
similarly to those for Cu(2). This is not surprising, since Y is
located between the Cu(2) planes and “sees” the cu™* spins
via transferred and dipolar hyperfine interaction.

5. Quasiparticle excitation below and near 7 _:
Nuclear spin-lattice relaxation

As mentioned in the Introduction, the direct connection of
quasiparticle excitation across the superconducting gap 2A in
a BCS-like superconductor with the nuclear spin-lattice
relaxation in >’ Al was one of the key experiments in support
of the BCS theory [2, 3]. The following “Hebel-Slichter
features™ are seen in the experimental data:
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field versus temperature according to Seidel et al. [5]. Note the
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1. Rapid increase of the relaxation rate with decreasing
temperature just when the gap starts to open up.

2. Exponential decrease of the relaxation rate with further
decrease of the temperature as

TL ~exp(—A/kT)for T T,. (11)

The first feature is due to an increase in the density of states
for quasiparticle excitation, when the gap opens at the Fermi
level. Further decrease of 1/T, according to Equation (11)
stems from the quasiparticle excitation energy 2A across the
gap [34]. These Hebel-Slichter features were indeed observed
recently in the zero-field relaxation of 'La in La, ¢Sr,,0,
[5]. Figure 10 demonstrates this behavior. Note the “hump”
at 7, and the exponential decrease below, which if fitted to
Equation (11) give a relative gap energy of 28/k, T_. = 7 [5].
The relaxation rate can be calculated [2, 34] as follows:

2 2 2
I 4z (Ya 2 E" +A
=56 e e oo

where f(E) is the Fermi distribution function and X is the
Knight shift. Note that Equation (12) reduces to the normal
Korringa relaxation in the metallic state (7" > T) by setting
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Spin scenario of Cu** and oxygen hole spins in the Cu(2) plane of
high-T, superconductors. Indirect exchange coupling between the
Cu?" spins seems to be responsible for the Cu spin-lattice relaxation
effects, whereas the oxygen hole spins seem to dominate the '*La
and 70 nuclear spin relaxation. The correlation between Cu?* and
oxygen hole spins is responsible for the complicated temperature
dependence of nuclear spin-lattice relaxation times.

A A e e e, T

A = 0. Below T, the gap parameter A(7") depends on the
temperature, Equation (12) describes the basic Hebel-
Slichter features. It can easily be extended to account also for
an anisotropic gap. In this situation a weighted average of
the gap energy is obtained, and the height of the “hump” is
decreased. This could be the reason for the fairly small
hump seen in La, Sr, ,CuO,.

More recently the Hebel-Slichter features have also been
observed in the '"O relaxation in YBa,Cu,0, [30] and even
for **Cu relaxation in YBa,Cu,0 s, [35]. It should be
evident that these features may be expected to appear at any
nuclear site, as long as some hyperfine interaction is
transferred to the corresponding nuclear spin. However, they
do not reveal the location of the quasiparticles.

6. Conclusions

The experimental NMR results presented here suggest the
following scenario, sketched in Figure 11. The CuO, planes
consist of Cu”* with spin S = 1/2 which are
antiferromagnetically correlated. Holes with spin 1/2 are
added under doping into the oxygen layers. The extent to
which Cu™* spins and the hole spins at the oxygen sites are
coupled is difficult to assess. The temperature dependences
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of nuclear spin relaxation in Cu and O seem to be related
but are not identical. The Hebel-Slichter features are not
seen in the copper relaxation of YBa,Cu,0,, which seems to
be dominated by antiferromagnetic fluctuations of the cu”*
spins. On the other hand, all nuclear spin relaxation rates
decrease drastically below T, leading us to the conclusion
that either all spins become paired in the superconducting
state, or the antiferromagnetic fluctuations become frozen.

This and many of the different phenomena discussed here
need to be explained by a more quantitative analysis.
Nevertheless, I hope to have succeeded in demonstrating the
power and versatility of NMR for the investigation of high-
T superconductors.
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