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Abstract

Nuclear relaxation, 1/T1, is a very robust probe of electronic excitations in superconducting
materials above and below the critical temperature of superconductivity, Tc. Here, a
relaxation phenomenology of hole-doped cuprate superconductors is presented based on
the majority of the available literature data from the CuO2 plane, without assumptions
with respect to a hyperfine scenario, form factors, or particular theoretical models. Below
a temperature similar to the pseudogap temperature, Heitler–Teller-type relaxation is
uncovered universally; i.e., the nuclear spin relaxation above Tc is only determined by
the absolute temperature, 1/T1 ∝ T. All materials condense out of this metal at Tc, below
which relaxation drops even faster, as expected from conventional superconductors, albeit
without a Hebel–Slichter peak. It is a ’hidden metal’ in the sense that it has a vanishing
uniform response and thus hardly affects the NMR shifts; it is also not seen in planar O
relaxation. The hidden metal causes a temperature-independent but material-dependent
planar Cu relaxation anisotropy that is strongly correlated with the size of Tc. Moreover,
the rate measured with the field in the CuO2 plane is nearly the same for all cuprates:
1/63T1⊥T ≈ 25/Ks, where 1/63T1∥ is mainly responsible for the change in anisotropy.
Above the hidden metal, the relaxation behavior changes and can be described by an
ordinary but renormalized metal, with a reduced Cu relaxation anisotropy. The relaxation
phenomenology, which should hold clues to the so-called strange metal, is also discussed
in the context of the two spin components previously uncovered in the shifts, as well as the
pseudogap and relation to other probes. This new phenomenology should give a better
foundation for the understanding of the cuprates.

Keywords: superconductivity; cuprates; NMR

1. Introduction
Nuclear spin-lattice relaxation (1/T1), the rate of transfer of nuclear magnetic energy to

the surrounding ’lattice’ or thermal bath, is a fundamental probe of material properties [1].
For metals, the unique electronic statistics also leads to a robust nuclear relaxation law,
1/T1 ∝ T. This proportionality between rate and temperature was pointed out by Heitler and
Teller in 1936 [2], a decade before NMR (nuclear magnetic resonance) in bulk materials was
discovered. W. Knight found, in 1949, an NMR shift that was apparently special to metals [3],
the temperature-independent Knight shift (K). This led Korringa in 1950 [4] to investigate how
the Knight shift and Heitler–Teller relaxation are related in a Bloch-type metal. He found that
in the absence of correlations, 1/T1T = (γn/γe)24πkB/h̄ ·K2, which is the celebrated Korringa
relation for simple metals. He also noted that electronic correlations are expected to affect
shift and relaxation in fundamentally different ways. Therefore, the actual relation between
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an NMR shift and relaxation aids in understanding the electronic state. In superconducting
metals, below the superconducting transition temperature, Tc, shift and relaxation follow from
BCS, and for spin-singlet pairing, both disappear rapidly below Tc, but a relaxation upturn
just below Tc is predicted by BCS (the Hebel–Slichter coherence peak [5]). For a gap with
nodes it can be much weaker or undetectable [6]. In any case, condensation does not affect
the Heitler–Teller law described above Tc.

With the discovery of the superconducting cuprates [7], NMR shift and relaxation
data were of great interest, in particular from 63,65Cu and 17O in the ubiquitous CuO2

plane. Note that the nuclear spins couple to the electronic spins near the Fermi surface via
magnetic hyperfine couplings. These depend on the nuclear site (Cu, O) in the rather large
unit cell, and may not be well known. In the presence of more than one electronic spin,
the hyperfine coupling scenarios can be even more complicated. In the absence of reliable
theory, one can only seek reliable phenomenology.

Most early experimental information on shift and relaxation came from measurements
of the YBa2Cu3O6+y class of materials [8–12]. They revealed a temperature-dependent
shift for Cu, but only when the magnetic field (B0) is in the plane, not when the magnetic
field is pointed in the crystal c-direction (c ∥ B0); e.g., in YBa2Cu4O8. With an isotropic spin
response, this can only happen if the shift from spin in the Cu 3d(x2 − y2) orbital (with
the well-known coupling coefficient A∥ being large and negative in related ionic salts) is
accidentally offset by a second term. In a single-band picture, it was then assumed that
A∥ + 4B ≈ 0 and A⊥ + 4B > 0, with transferred Cu spin density of some isotropic coupling
constant B, with the size determined by the cancellation requirement [12]. Of course, this
hyperfine scenario also has profound consequences for understanding Cu nuclear relax-
ation. For example, it requires antiferromagnetic spin fluctuations along c ∥ B0, as longer
wavelengths are increasingly suppressed for A∥ + 4B ≈ 0, preventing an unbiased view
of the cuprates. The essential qualitative conclusions were spin-singlet pairing due to
disappearing shift and relaxation below Tc and the presence of a spin gap or pseudogap,
since some shifts are already temperature-dependent above Tc.

As data from more cuprates appeared in the literature, it became increasingly obvious
that for most materials the Cu shift for c ∥ B0 is also strongly temperature-dependent,
overturning the old hyperfine scenario. Special tests of whether a single-spin-component
view holds beyond YBa2Cu4O8, YBa2Cu3O6+y [13,14] showed that that is not the case,
since the shifts observed at different nuclei are not proportional to each other [15,16].

Very recently, using nearly all the literature shift data, it was shown that there are
indeed two electronic spin components, A and B, at work. One, A, stemming from the
Cu 3d(x2 − y2) spin, which sets the planar O as well as Cu axial shift, and another, B,
Cu 4s-like spin that affects only planar Cu [17]. This conclusion was confirmed in a new,
unbiased analysis of the NMR shifts which focused on the symmetry of the hyperfine
coefficients only, not their size, and the doping and temperature dependence of the two
shifts’ components were summarized [18].

Here, we develop a phenomenology of nuclear relaxation in the hole-doped super-
conducting cuprates using nearly all the available literature relaxation data [19,20] (only
La2−xSrxCuO4 is excluded due to its outlier behavior in terms of planar Cu, which will be
discussed separately). We uncover the universal presence of Heitler–Teller-type metallic re-
laxation for planar Cu below a temperature similar to that of the pseudogap, T∗, cf. Figure 1.
This means it is only the absolute temperature T that determines the nuclear relaxation
rate 1/T1 in this region, apart from a temperature-independent but material-dependent
relaxation anisotropy. As for conventional superconducting metals, at their respective Tc

the cuprates condense out of this state. We call this region a ’hidden metal’ since it lacks
a sizeable uniform response, i.e., vanishing NMR shifts of Cu and O, and since it is not
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easily detected at planar O, i.e., the ’hidden metal’ does not follow the simple Korringa law.
This ’hidden metal’ has other intriguing properties. When measured through the hyperfine
coefficients of Cu with the field perpendicular to the crystal c-axis, a rather similar rate is
found for all cuprates, 1/63T1⊥T ≈ 25/Ks. This is an astonishingly robust finding given
that neither other chemical and electronic parameters nor crystal quality seem to interfere.
Measured in the other direction, 1/63T1∥ is proportional to 1/63T1⊥ in the hidden metal,
but it is material- and doping-dependent. Astonishing again is the fact that the Tc of a
cuprate is correlated with this relaxation anisotropy, with the highest Tc at an anisotropy
of about 1.9. It is therefore not surprising that this anisotropy correlates with the planar
O hole content, previously measured with NMR [21–23], a correlation supported by very
recent DMFT in the Emery model [24,25].

Above about T∗, the ’hidden metal’ disappears and a renormalized metal emerges.
This is the likely source for the metal-like, i.e., temperature-independent, shifts in the
cuprates as well. This, and more details on the cuprate shifts [18], is an argument in favor
of interpreting the cuprate relaxation in terms of a two-spin-component scenario.

Figure 1. Nuclear relaxation rate 1/T1⊥ of planar Cu as a function of doping for many different cuprates
(16 from 7 families). Note that in the hidden-metal (red shaded) region, 1/T1⊥T is very similar for all,
and we use a mean value of 25/Ks (see main text for details). Blue circles mark the relaxation rate with
which a material enters this hidden-metal region above Tc; red triangles mark the rate above which it
departs from it, i.e., where it begins to lag behind the universal metal relaxation. Both of these boundaries
are defined by the temperature points at which the relaxation deviates by 6% from the metallic rate,
but are relatively insensitive to the precise cutoff choice (see Appendix A). The red-shaded area thus
approximates the temperature-doping region of this special metal. Within this region, the relaxation
anisotropy is temperature-independent. Note that the condensate (red–blue-striped region) always
forms out of this metal. Above the red triangles (approximated by the purple-shaded region), we see a
renormalized two-component metal. The dashed red line is a linear guide to the eye; the blue dashed
parabola is an adaptation of the Tc-doping relation [26]. Within the hidden metal, the relaxation rate
can be directly translated into temperature, resulting in the similarity in appearance to the temperature-
doping phase diagram. Note that the points are not normalized with respect to the family-dependent
Tc,max, resulting in some scatter.

2. Nuclear Relaxation
Planar 63Cu spin relaxation is either reported with the external magnetic field along

the crystal c-axis (c ∥ B0) or perpendicular to it (c⊥B0). The former measures 1/63T1∥
(relaxation of 63Cu due to in-plane fluctuating fields, perpendicular to the c-axis, which are
also measured in NQR); the latter measures 1/63T1⊥ (due to both out-of-plane and in-plane
fluctuating fields), independent of in-plane axis rotation due to symmetry. The anisotropy
of 63Cu spin relaxation, 63R = 63T1∥/63T1⊥, is expected to yield information about the
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anisotropy of the hyperfine coefficients, as the electronic spin is isotropic. A summary of
typical experimental data is shown in Figure 2a,b, cf. [19], and we return to the analysis
after introducing the planar O data.

A crude phenomenology of planar 17O nuclear spin relaxation in all cuprates was presented
recently [20]. It could be modeled with a universal metal and a temperature-independent,
but doping-dependent, pseudogap. When measured with the field along the crystal c-axis,
one finds 1/17T1cT ≈ 0.40/Ks beyond the doping x ≃ 0.2 for all materials, cf. Figure 2d (for
more data, see [20]). The same metallic behavior is found even at lower doping levels, albeit
at increasingly higher temperatures and with an offset. Furthermore, the simple Korringa
relation appears to hold, with a metallic shift of about 0.25% [20]. The anisotropy is largely
material-independent and expected by the hyperfine coefficients; therefore, one can focus on the
most abundant data for c ∥ B0. Planar O thus points to a rather well-defined simple, universal
metal in the cuprates, except that below about x ≃ 0.2 it lacks low-energy states due to a
temperature-independent pseudogap, obscuring the condensation behavior [20].

Figure 2. Nuclear relaxation in 18 different hole-doped cuprates. (a) 1/63T1⊥ vs. T (field applied
perpendicular to the crystal c-axis). The gray dashed line marks a rate of 25/Ks. (b) 1/63T1∥ vs. T
(field applied along the crystal c-axis) shows a much larger variation between family and doping.
(c) A plot of 1/63T1⊥ vs. 1/63T1∥ with temperature as an implicit parameter. This relaxation
anisotropy is material- and doping-dependent, but temperature-independent within a certain window
above Tc [19]. The variation in relaxation anisotropy is primarily set by the changes in 1/63T1∥.
(d) Planar oxygen relaxation 1/17T1c (subscript c for c ∥ B0) follows what appears to be a simple
metallic behavior, albeit with a gap in the low-energy DOS at lower doping levels [20]. Much of the
data displayed for Cu and O alike have been presented cumulatively before [19,20]. Note that the
Tl-2212 family is omitted from panel (a) as 1/63T1⊥ was not measured directly but rather deduced
from spin-echo decay. Original sources for the data can be found in Table A1 in Appendix A.

Returning to Cu relaxation, Figure 2a,b reveal a very different picture. The salient
features are the following. First, we notice that Tc is easily visible in the bare data for all
materials in Figure 2a; it is also present for c ∥ B0, although not as easily seen in Figure 2b.
Apparently, the pseudogap behavior does not obscure the onset of condensation, as for O,
and one can measure 1/T1 near Tc (blue points in Figure 1).

https://doi.org/10.3390/condmat11030031

https://doi.org/10.3390/condmat11030031


Condens. Matter 2026, 11, 31 5 of 15

Second, 1/63T1⊥ near Tc is found on very similar metallic (1/T1 ∝ T) lines, i.e.,
1/63T1⊥Tc is rather similar for all cuprates (relative standard deviation of 9% for the
measured rates; see Appendix A for details). However, the relaxation measured along the
crystal c-axis, 1/63T1∥, varies significantly between materials, including near Tc. It has been
noted before [19] that this relaxation anisotropy, cf. Figure 2c, is temperature-independent
(within the red-shaded region of Figure 1), but does depend on doping and family. It has
the tendency to become more isotropic at high doping levels, and can be as large as 3.6 for
certain materials at lower doping levels.

Third, the range of temperatures over which the relaxation rate of a particular material stays
on its metallic line is doping-dependent. In order to investigate this in more detail, it is useful to
normalize all metallic lines for c⊥B0, since slight differences in the slope obscure, in terms of
the actual rate, how large the temperature range is over which a material follows the metallic
slope. For that reason, we set the slopes to 1/63T∗

1⊥T = 25/Ks. This value corresponds to the
mean value of 1/63T1⊥T in this region for all materials presented here (a mean of 22.7/Ks is
obtained considering only materials for which 1/63T1⊥ was directly measured; see Appendix A
for details). The precise value is less important here than the observation that the cuprates
have a very similar 1/63T1⊥T, despite the data coming from groups around the world, on all
sorts of cuprates, with different ’sample quality’. This rate is indicated by the dashed line in
Figure 2a. This behavior is easily observed in Figure 3, where we further normalize all 1/63T∗

1⊥
by the reported Tc, i.e., the temperature-dependent rates, 1/63T1⊥T, are shifted to fixed Tc and
multiplied by Tc. Apart from the drop near Tc, there is universal metallic behavior up to T▲,
cf. Figure 1. Above T▲, the relaxation lags behind the Cu hidden-metal rate.

Figure 3. Main panel: Scaled temperature dependence of Cu relaxation from Figure 2a. The scaled
1/63T∗

1⊥ is plotted as a function of a shifted temperature axis such that the quoted Tc for each material
is aligned to the black vertical line. 1/63T∗

1⊥T (1/63T1⊥T adjusted to fit 1/63T1⊥T = 25/Ks; dashed
gray line in the figure) is multiplied by the shifted T = Tc (see main text for details). This serves as a
visual aid to highlight the universality of the relaxation below T▲. Above Tc, materials follow this
metallic (dashed gray) line for a doping-dependent finite window in temperature before turning off.
Note that given the proportionality, a similar curve can be obtained from 1/63T1∥ if additionally scaled by
the observed relaxation anisotropies. Inset (lower-right panel): Unscaled 1/63T1⊥− 1/63T1⊥▲ vs. T − T▲,
where the red triangle denotes rate and temperature at the red triangles in Figure 1, i.e., at the onset of the
hidden metal. In this region, the relaxation anisotropy deviates from the temperature-independent values
seen in the lower-temperature region. Dotted lines are guides to the eye. Hg1201UN72K is omitted here
due to uncertainty in the scaling factor.
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In the hidden-metal region, the relaxation anisotropy, 63R, varies with doping and
family, but is independent of temperature [19]. Thus, while 1/63T1∥ behaves differently
from 1/63T1⊥, we would find the same universal temperature dependence in this region
of the phase diagram if we multiplied 1/63T1∥ by 63R. At higher temperatures, above the
hidden-metal line, the relaxation anisotropy decreases for all materials shown here. This
high-temperature addition to the relaxation for c⊥B0 is isolated in the inset of Figure 3
(lower-right panel). Note that the fixed anisotropy within the hidden-metal line is not
expected to strictly apply to the superconducting state, for which the relaxation behavior
will be governed by a different functional dependence compared to that of the hidden metal.

Most remarkably, the relaxation anisotropy measured on the hidden metal can be di-
rectly related to Tc, as shown in Figure 4. The highest-Tc materials have a relaxation
anisotropy of 63R ≈ 1.9. The family dependence of Tc is reflected in the relaxation
anisotropy; optimally doped materials with a lower Tc lie at either higher or lower
anisotropy, depending on the family, but fall on the same lines as the non-optimally
doped samples. There is apparently an ideal makeup of the hidden metal, from which the
superconducting state emerges, which correlates with a high Tc.

Figure 4. Quoted value of Tc plotted against the Cu relaxation anisotropy (63R) within the hidden-
metal region for 20 different materials and doping levels. Optimally doped materials within a given
family are marked with triangles instead of circles, and the faded data points indicate members of the
Tl-2212 family, for which 631/T1⊥ was not directly measured (see Appendix A for details). Increased
doping within a family decreases the relaxation anisotropy. Note that members of the YBa2Cu3O6+y
family show significantly larger relaxation anisotropies compared to other materials at similar doping
levels, including the optimally doped compound, but nevertheless lie on the same curve. For a list of
material-dependent anisotropies, see Table A1 in the Appendix A. The anisotropies plotted here result
from the true, unscaled relaxation data, and the fitting error in the anisotropy is ≤0.035 where it is not
quoted directly from the literature (note that there is more data available for the relaxation anisotopy
compared to the full hidden-metal temperature range). Spearman rank-correlation statistics for the
relation between Tc and 63R can be found in Table A2 in the Appendix B, along with a family-sorted
version of this figure.

3. Discussion
We begin the discussion by characterizing the three regions in the cuprate phase

diagram, cf. Figure 5, with observations from planar Cu and O relaxation. Thereafter, we
discuss the possible consequences for the NMR shifts that were recently discussed by us
in terms of two-spin components [18]. Finally, we enter a broader discussion involving
other probes.

It is very important to stress that the discussion of the distinct regions (I, II, III) in
the cuprate phase diagram does not invoke particular hyperfine scenarios, form factors,
or other particular theoretical models. Region I in Figure 5 is characterized by the ’hidden
metal’, Region II begins with condensation from the hidden metal into the superconducting
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state at Tc. Region III, defined by the temperature T∗, in Figure 5, where the Cu relaxation
rate departs from that of the hidden metal, appears as a renormalized metal.

Figure 5. Schematic diagram of the different regions defined by planar Cu nuclear relaxation overlaid
on the cuprate phase diagram. The hidden metal dominates region I (red). The striped region below
the blue dashed line indicates the superconducting state (II) that forms out of this special metal. Re-
gion III is governed by a different, apparently renormalized two-component metal with temperature
T − T∗, where T∗ is defined as the temperature at which the Cu relaxation behavior changes (see text
for details). The hidden metal should persist down to T = 0 were the superconducting state not to
intervene; therefore, we label the dome as region I/II.

3.1. Superconducting Hidden Metal (I and I/II)

Below T∗ in Figure 5, the electronic matter causes metallic planar Cu relaxation (in
the Heitler–Teller sense), and below Tc, the relaxation suddenly drops out of this hidden
metal. There is no Hebel–Slichter peak (this is expected for predominantly d-wave pairing
in conventional metals [6,27]). This sharp drop in the Cu relaxation near Tc is consistent
with the onset of the superconducting state. The concrete properties of the metallic state
are the following. First, the relaxation rate for c⊥B0, i.e., measured with the magnetic
field in the plane, is very similar for all cuprates, 1/63T1⊥T ≈ 25/Ks, indicating some
sort of fundamental property of the cuprates. The rate measured along the crystal c-axis
is, in contrast, strongly family- and doping-dependent, but remains proportional to the
rate measured in the other direction, as one would assume. Astonishing is the relation of
the relaxation anisotropy to Tc of the particular cuprate, cf. Figure 4. Unlike the doping
dependence of Tc in the regular phase diagram, the anisotropy sorts Tc not according to
family but across all cuprates. In other words, the electronic matter contains information
about the temperature at which condensation occurs. Note that this relaxation is observed
up to the highest doping levels. For the most overdoped sample, in the absence of Tc,
the hidden metal remains from the red dashed line down to the lowest temperature.

The hidden metal does not significantly contribute to the relaxation of the planar O
nucleus below a doping of about x ≈ 0.2, as its rate, 1/17T1, decreases due to missing
electronic states from the opening of a temperature-independent pseudogap. As doping
increases, the states lost to the pseudogap are apparently fully recovered already well
before the end of the superconducting dome, and the relaxation rate turns simply metallic,
with a universal value of about 0.40/Ks for all cuprates. It appears, in this crude picture,
that the pseudogap for planar O closes at a significantly lower doping level compared to
the end of the hidden metal, and the superconducting gap becomes visible. The metallic
relaxation of about 0.40/Ks is small compared to the 25/Ks of the hidden metal.
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3.2. Renormalized Metal (III)

The planar Cu relaxation behavior changes rather abruptly from that of the hidden
metal upon crossing the red dashed line in Figure 5. The relaxation rate suddenly begins
to lag behind that of the hidden metal, cf. Figure 2a,b and the main panel of Figure 3.
Interestingly, if we plot the renormalized relaxation, i.e., vs. temperature T − T∗, we find
simple metallic behavior, as seen in the inset to Figure 3.

For planar O, the relaxation is nearly universal, and its behavior can similarly be
explained with a renormalized relaxation that apparently starts with the opening of the
pseudogap. Thus, the renormalization of planar O relaxation seems to be related to the
loss of states to the pseudogap. However, since planar O sees a much lower relaxation rate
than Cu, ongoing renormalization may be difficult to observe. Meanwhile, the renormal-
ized relaxation rate of Cu continues to increase with doping until at least the end of the
superconducting dome. It appears that since the states below T∗ are lost to another phase,
the description of region III in terms of renormalization is a useful description.

3.3. Relation to the Cu and O NMR Shifts

Previously, we showed that the planar Cu shifts can be described as the sum of an
anisotropic shift, 63KA, and an isotropic shift, 63KB, even without considering specific
values for the associated hyperfine coefficients, based solely on their symmetry [18]. Such
a decomposition of the shifts was motivated by the fact that planar Cu sees an isotropic
shift contribution which does not affect planar O, and which carries a different temperature
dependence [17]. This analysis further showed that these hyperfine coefficients must be
quite similar across materials. This point is important, for it demonstrates that changes to
shift and relaxation must stem from the underlying electronic matter, rather than variations
in the hyperfine coefficients through which the electronic spins couple to the nuclei.

The newly defined regions of the phase diagram also offer new insight into the shift
behavior. The doping-dependent high-temperature metallic plateaus of 63KA, and also of
17Kα, were found to saturate to a maximum value near x ≳ 0.2. This is the same doping
above which planar O relaxation appears as purely metallic without renormalization.
In contrast, the high-temperature plateau of 63KB, which is only seen by planar Cu, increases
with doping until at least the end of the superconducting dome, much like the renormalized
relaxation rate. Thus, the high-temperature metallic shift plateaus may be a consequence of
renormalization rather than a change in density of states (in the simple metallic sense). The
contrast in the doping dependence of the renormalization, as seen by Cu and O relaxation,
could thus be evidence of two-component behavior that is independent from the previously
noted shift evidence.

If we examine the renormalized scaling, we find that the Cu relaxation rate approx-
imately obeys the simple Korringa relation if one considers the two shift components
individually, as in 63K2

A + 63K2
B. For the most highly overdoped (non-superconducting)

sample, this yields a metallic relaxation of 18/Ks, similar to the measured value of 20/Ks of
the renormalized metal above T∗. Decreasing doping tends to decrease the high-T slopes,
consistent with the decreasing high-temperature shift components. This suggests that the
states above T∗ present themselves as two uncorrelated metals.

Understanding the relationship between the shifts and relaxation in the hidden metal
(region I) may be more complicated. The abrupt changes observed in the relative tempera-
ture dependences of the two shift components should be connected to the phenomenology
presented here, but are difficult to explain without suitable theory. For most of this re-
gion, both shift components are also disproportionately small with respect to the Cu
relaxation compared to what one would expect for an ordinary, uncorrelated metal. In the
underdoped materials, there is no sharp drop in the planar Cu and O shifts at Tc, which are
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already temperature-dependent and decreasing above the transition. For a hidden metal
with little or no shift condensing into a spin-singlet superconductor (which also lacks shift),
the lack of a clear drop at Tc is expected, as the temperature dependence of the shifts is
primarily governed by the renormalized metal above and the Fermi function. Tc is not
visible in the planar O relaxation of the underdoped materials either. Meanwhile, the drop
in relaxation of planar Cu near Tc from the hidden metal rate remains quite sharp.

Deviations from the Korringa relation for an uncorrelated metal between shift and
relaxation, such as those seen in the hidden-metal region, should provide information
regarding correlations present in the system. To produce the behavior of the shifts in the
hidden metal, such correlations should strongly reduce the uniform spin susceptibility of
the system.

Finally, we would like to note that the observation of an apparently optimal relaxation
anisotropy, similar to the previously observed matching condition between the Cu shift com-
ponents [17]. The matching condition in the Cu shift components seems to relate to optimal
doping, but not the family-dependent Tc,max that is observed in the relaxation anisotropy.

3.4. General Remarks and Further Discussion

As shown in Figure 4, the relaxation anisotropy of the hidden metal seems to be an
important parameter with respect to Tc. It carries information similar to that given by the
sharing of the total hole content determined with NMR, which shows that the maximum
Tc of the cuprates is proportional to the planar O charge at optimal doping [23,28]. This
was also found with very recent cellular DMFT [24,25]. In Figure 6 we show the correlation
between the Cu relaxation anisotropy and the planar O hole content for both optimally and
non-optimally doped materials.

Figure 6. Planar Cu relaxation anisotropy (63R) decreases with increasing planar O hole content np.
Planar O quadrupole splittings are taken from [23], wherein it was also shown that the planar O hole
content at optimal doping correlates with Tc,max. Note that this planar O hole content includes both
the doped as well as shared parent hole [22].

We note that La2−xSrxCuO4 has been excluded from the phenomenology presented
here, as analysis of this family is complicated by an additional shift component of axial sym-
metry on planar Cu [17], for which the contribution to relaxation is not known. However,
we note that the planar O shift and relaxation in these materials are apparently unaffected
by this additional contribution and are similar to the other families [20]. A deeper under-
standing and analysis of its planar Cu relaxation remains an important topic for future
work, especially given that it is possible to measure up to very high temperatures, where
the behavior may change [29].

The red dashed T∗ line in Figure 5 is similar in its doping dependence to the pseudogap
line defined by the planar O shift [20] or entropy [30], but how the two may be related
is not entirely clear. It seems that the renormalization of the two spin components as
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a function of doping is not identical. Planar O relaxation is only affected by one spin
component. The renormalization of the O relaxation and the pseudogap end at the same
doping. The hidden-metal relaxation of Cu, which is affected by both spin components, is
seen both in materials with a pseudogap in the normal state as well as in strongly overdoped
materials without a clear gap in the density of states. In fact, the hidden metal persists until
the end of the superconducting dome at high doping, as does the renormalization. It is also
worth noting that multicomponent models can lead to component- and probe-dependent
behavior. For example, intercomponent coupling in a pairing-based multicomponent
model can screen, enhance, or redistribute pseudogap signatures between components [31].
This mechanism is distinct from our phenomenological two-spin-component description,
but may provide a useful conceptual context for the different temperature and doping
dependence observed in the Cu and O shift and relaxation. Perhaps the hidden metal is
involved in the formation of the pseudogap state, or maybe both phenomena originate
from a common underlying electronic reconstruction. It could also be that the hidden metal
tracks a different parameter, such as a doping-dependent saturation of spin correlations or
magnetic crossover into a correlated metal [32–34], rather than the pseudogap crossover
itself. This distinction may be important, particularly in considering planar O relaxation,
which apparently experiences little of the hidden-metal contribution. The characterization
of the relaxation across the phase diagram, particularly in region III, may also be useful
for the understanding of the strange metal scenario. Finally, we note that the line sketched
between regions I and III in Figure 5 would extrapolate at zero doping to a value near TN ,
but there is not enough available data at low doping beyond La2−xSrxCuO4 to explore this
further at the present time.

The phenomenology presented here should be related to observations from other
probes. For example, STM [35] and specific heat [30,36] also show a temperature-
independent pseudogap that closes as a function of doping. These are expected to weight
the antinodal regions near the saddle point more heavily [37], as does planar O relax-
ation, given the form factor, which also suppresses fluctuations near the antiferromagnetic
wavevector. Transport data, on the other hand, is known to weight the nodal regions more
heavily, where ARPES observes coherent quasiparticles [38,39], and shows metallic (ρ ∝ T2)
behavior in the pseudogap region [40]. Considering the theoretical form factors for planar
Cu hyperfine coupling [12,41], this should be related to the hidden metal we describe
here. One might also expect that near universality of the planar Cu 25/Ks hidden-metal
relaxation, paired with the changing relaxation anisotropy, should be tied to the shifting
distribution of spectral weight in q-space seen by neutron scattering [42,43] and optical
conductivity [44]. It is not clear at present what role charge and spin inhomogeneities,
which have been observed in the NMR data [45], play in this phenomenology. The role
of the lattice [46] also remains as an avenue of further discussion, including what the
isotope effect [47] on the hidden metal or the renormalization is. We would also like to note
that the two-component phenomenology presented here may invite analogies to Kondo
lattice physics.

In summary, we have uncovered, through planar Cu relaxation, three regions of the
phase diagram of hole-doped cuprates. Region I is described as a hidden metal, wherein
Cu obeys Heitler–Teller-type relaxation rather universally. The Cu relaxation anisotropy
in this region correlates with Tc and thus the planar O hole content. It is interesting to
note that the rate for c⊥B0, 1/63T1⊥T ≈ 25/Ks, is very similar for all materials, while
that for c ∥ B0, 1/63T1∥T, is largely responsible for the change in anisotropy. The hidden
metal predominantly shows a small or vanishing uniform response as measured via the
spin shifts, in contrast to the behavior of an ordinary metal. Superconductivity (region
II) always emerges from this hidden metal, regardless of whether the material is under-
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or overdoped, independent of structural differences, sample quality, or other material-
dependent properties. Finally, region III is described by a renormalized metal above
T∗. It appears to consist of two metallic spin components. Planar O relaxation is only
affected by one spin component, and is only renormalized up to a doping of x ≈ 0.2,
concurrent with the end of the pseudogap. In contrast, the renormalization of planar
Cu, which is affected by both spin components, continues until at least the end of the
superconducting dome (x ≳ 0.27). This phenomenology demonstrates the importance of
considering the hole-doped cuprates cumulatively, and should provide profound clues to
aid in the development of the microscopic theory of the cuprates.
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Appendix A. Literature Data
Table A1 contains the references for all the literature data used in this analysis. The val-

ues listed in the doping column for single- and bi-layer materials are those one finds if
estimating from the parabolic dependence of Tc on doping alone [26], while those listed for
multilayer materials are taken as given from the reference where available. UD, OP, and OD
in the material labels stand for underdoped, optimally doped, and overdoped, respectively,
and are followed by the quoted value of Tc. Materials with distinct inner and outer CuO2

planes are labeled additionally with -IP and -OP to signify data pertaining to the inner
and outer planes, respectively. T▲, at which the relaxation rate is shown in Figure 1, is
determined from the highest temperature for which the scaled 1/63T1⊥ ≥ 23.5/Ks (6%
deviation). Further columns give the values for 4% and 8% deviation cutoff values to
demonstrate that the results are not significantly dependent on the chosen cutoff. These
values are the lower bounds for Hg1201UD72K and YBCO6.63, since the high-temperature
bend in 1/63T1⊥ is not clear within the temperature range for which data were available.
Planar O quadrupolar splitting can be found in Ref. [23].

Among the directly measured relaxation rates for c⊥B0 within the hidden-metal region,
the standard deviation is ±2/Ks and the relative standard deviation is 9%. The mean
relaxation rate for c⊥B0 of all materials is 25/Ks; excluding the inferred rates of Tl-2212, it
is 22.7/Ks. Since the precise value used for normalization of the relaxation rates merely
changes the scaling factor and does not affect the phenomenolgy, we use 25/Ks for the
normalization and discussion throughout for simplicity.
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Table A1. List of materials, extracted data, and data references used in the analysis.

Material Formula Doping Ref. Scaling factor 1/63T1⊥T 63R 63T▲(6%) 63T▲(4%) 63T▲(8%) Ref.
x 1/63T1 1/63T1⊥T (Ks)−1 (±0.035) (K) (K) (K) 1/17T1

Hg1201UD72K HgBa2CuO4+δ 0.09 [48] - 3.1 ≥200 ≥200 ≥200 [49]

Tl2201OP85K Tl2Ba2CuO6+y 0.16 [50] - - 1.6 a - - - [50]

Tl2201OD72K Tl2Ba2CuO6+y 0.2 [51] 1.18 21.2 1.4 116(20) 116(20) 116(20) -

Tl2201OD40K Tl2Ba2CuO6+y 0.24 [51] 1.23 20.3 1.3 69(12) 69(12) 69(12) -

Tl2201OD0K Tl2Ba2CuO6+y 0.27 [51] 1.1 22.8 1 14(10) c 14(10) c 14(10) c [52]

Tl1212OD70K TlSr2CaCu2O7−δ 0.21 [53] 0.94 26.6 1.5 117(10) 117(10) 117(10) -

Tl1212OD52K TlSr2CaCu2O7−δ 0.23 [53] 0.99 25.2 1.5 104(10) 95(10) 104(10) -

Tl1212OD10K TlSr2CaCu2O7−δ 0.265 [53] 1.15 21.7 1.25 50(10) 40(10) 50(10) -

YBCOUN62 YBa2Cu3O6.63 0.11 [13] 1.12 22.3 3.6 ≥217 ≥217 ≥217 [13]

YBCO6.92 YBa2Cu3O6.92 0.14 [54] 1.14 21.9 3.2 138(12) 138(12) 150(12) -

YBCO6.96 YBa2Cu3O6.96 0.16 - - - - - - - [55]

YBCO7 YBa2Cu3O7 0.17 [56] 1.21 20.7 2.7 - - - [57]

Y1248 YBa2Cu4O8 0.12 [58] 1.21 20.7 3.3 205(40) 205(40) 205(40) [14]

Tl2212UN102K Tl2Ba2CaCu2O8−δ 0.127 [59] b 0.64 39 2.8 160(20) 140(20) 160(20) [59]

Tl2212OP112K Tl2Ba2CaCu2O8−δ 0.16 [59] b 0.86 32 2.5 180(20) 160(20) 180(20) [59]

Tl2212OD104K Tl2Ba2CaCu2O8−δ 0.189 [59] b 0.71 29.7 2.4 160(20) 160(20) 160(20) [59]

Hg1212OP127K HgBa2CaCu2O6+δ 0.16 [60] 1.15 21.7 1.95 210(10) 210(10) 220(10) -

Tl2223OD115K-IP Tl2Ba2Ca2Cu3O10−δ 0.124 [61] - - 1.85 - - - [61]

Tl2223OD115K-OP Tl2Ba2Ca2Cu3O10−δ 0.196 [61] - - 1.8 - - - [61]

Hg1223OP133K-IP HgBa2Ca2Cu3O8−δ 0.14 [62] 1.01 24.8 2 190(10) 180(10) 200(10) [62]

Hg1223OP133K-OP HgBa2Ca2Cu3O8−δ 0.19 [62] 1.13 22.1 1.9 190(10) 180(10) 190(10) [62]

a Relaxation anisotropy 63R quoted from [50]. b 1/63T1⊥ not measured directly but deduced from spin-echo decay.
c 1/63T1⊥ omitted from Figure 1 due to large error ratio.

Appendix B. Anisotropy Statistics
Table A2 contains Spearman rank-correlation statistics for the Tc versus Cu relaxation

anisotropy data above and below different breakpoints in the anisotropy. Figure A1 is a
family-sorted version of Figure 4 from the main text.

Figure A1. Tc vs. planar Cu relaxation anisotropy (63R) from Figure 4 sorted by family.
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Table A2. Spearman rank-correlation statistics for the Tc versus Cu relaxation anisotropy data for
different anisotropy breakpoints.

Anisotropy Breakpoint Branch Spearman’s ρ p-Value Number of Data Points

2.2 Lower 0.96 <10−4 12

2.2 Upper −0.81 1.5 × 10−2 8

2 Lower 0.96 <10−4 11

2 Upper −0.87 2.5 × 10−3 9

1.8 Lower 0.88 8 × 10−3 7

1.8 Upper −0.86 1.5 × 10−4 13
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