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Common energy scale for magnetism and superconductivity in cuprates
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Many compounds based on CuPlanes(cuprateg superconduct below a critical temperatdige. Some of
them show a second phase where a spontaneous static magnetic field appears below a critical tefiyperature
which is lower thanT.. By comparingT. and T4 in numerous superconducting families, each with its own
maximumT,, we find that the same energy scale determines both critical temperatures. This clearly indicates
that the origin of superconductivity in the cuprates is magnetic.
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One of the most challenging tasks of solid-state physics In order to determind, quantitatively all authors effec-
today is to understand the mechanism for superconductivityively fit their data to
in cuprates. These materials, which have a relatively high
critical temperaturel ., are based on doped Cuy@lanes. P,(t)=Amexd — (\t)P]+ AP (1), (1)
Since at zero doping they are antiferromagnets, several theo-
ries ascribe their superconductivity to holes interacting via gyhere\ is a relaxation rate, and the amplitudés and A,
magnetic mediun? Yet the phenomenon of superconductiv- represent muons in magnetic and normal environments.
ity begins at doping levels in which magnetism almost dis-However, different authors use different parameters in the fit
appears, and therefore there is no clear evidence relating tiienction for the determination of ;. We will show below
two. Fortunately, there is a narrow doping range in whichthat this has no bearing on our final conclusion. In particular,
superconductivity and magnetism, in the form of randomlywe fit Eq. (1) to the data in Fig. 1 with3=1/2 andA,,
oriented static spinga spin glasg coexist below a critical + A, common to all temperatures. In Fig. 2 we pres&ptas
temperaturd ;< T,. We thus focus on this doping range and a function of temperature for three different samples of the
examineT, and T in numerous superconducting families, CLBLCO family with x=0.3. As expected\,, grows as the

which are distinct in the sense that each one has its owfemperature decreases and saturates. Our criterionf@
maximum T, [T™®*]. We find that in all cases a common the temperature at whichy, is half of its saturation value as

energy scale controls both critical temperatures. ThereforéjhemO”St,r"?‘t?d by the vertical lines. This figure demonstrates
magnetism and superconductivity in the cuprates are differ"® Sensitivity ofT to doping.
ent facets of the same Hamiltonian. . 'F‘ order to quantify the_ relation betwedh .and TC’ we
The families for which bothT, and T, data exist dlstlr_lgwsh between t\_/vo kln_ds of holc_es. The first kind we call
mobile holes, and their doping level {s,,. The second kind

3
enge (Scr:?:l‘u%‘xglfgg%ﬁél‘io-zag Cébogyo (?¢EE€8;4 is the usuathemicalholes, and their doping level is denoted
P ’ 1-y =853 UsLs ’ by p. The reason for this distinction is that the only experi-

: . 5

(B\I(Elgg)ggaéé\’;\e(rx; ngfc))styS (lﬁlzliﬁr% oﬁpsd gjaﬁzgés?ﬁgy Jatamental known value is that of the chemical formula of the
' by . tompounds, namely, the andy values. Theoretical argu-

a_nd the de‘germlnat_lon o was done using thﬁ.SR tECh.'. ments relatex andy to p,’~® but the accuracy of these rela-

nigue. In this technique one implants fully polarized p05|t|vetci)9ns is debatabl® By introducingp,, we allow for an addi-

muons in a sample and measures the time dependence : g .
) e . T .~ tional scaling parameter, which could be determined
their polarizationP,(t). This polarization changes dramati-

cally when static magnetic fields appear. This is demon-
strated for a superconducting compound from the CLBLCO
family with T,=33.1 K in Fig. 1, which is taken from Ref. 3

for completion. Betweeid =40 and 8 K,P,(t) is typical for
muon polarization in an environment where the magnetic
field emanates from nuclear moments. We denote this polar-
ization by P;(t). At aboutT=7.4 K a fast relaxation com-
ponent appears, which is due to some additional strong mag-
netic field. As the temperature is lowered the fast relaxing
component grows at the expense of the slow one, and at a
temperature of 0.37 K, no slow relaxing component is ob-
served. In addition, at this temperature the polarization satu-
rates at long times at one-third of its initial value. This is
typical for randomly frozen magnetic fields where one-third  FIG. 1. (Color online xSR spectra obtained in ®=0.1, y

of the fields happen to point in the direction of the muon=7.012 CLBLCO sample at various temperatures. The solid lines
spin. are fits using Eq(1). Taken from Ref. 3.
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FIG. 2. (Color onling The magnetic amplitudA,, as a function ]
of temperature for different (Gha, ) (Bay 75 xLa 25 x) CUsOy
samples. The solid lines are guides to the dygs the temperature : = .
" 1 " 1 L 1 1

at which A, is half of its saturation value, as demonstrated by the

0.00
dashed lines. Taken from Ref. 3.

Apm

experimentally, and could lead to a comparison between dif- FG. 3. (Color onling (a) T./TM** and (b) T,/TM** as a func-

ferent compounds. An equally good name figy could have  tion of Ap,,=KAp [see Eq(2)]. K; is chosen so thaf, /T vs
been “corrected hole doping.” The scaling parameter is de-Ap,, domes of various cuprate families collapse into a single curve.
termined as follows. First, we convert tiig andT. values  As a consequenck, /T{'**vs Ap,, also collapses into a single line.
of all material to be functions op. The case of LSCO,

YCBCO, and Bi-2212 is immediate since the authors of

Refs. 4 and 5 present their data in this way. For CLBLCO
however,T, andT, are given as a function of> We assume
the relationp= —0.205+y/3 obtained from simple valance
counting. In the case of YBCO, theto p conversion is taken
from Preslandet al!° Second, we defin@°P! as chemical
hole doping at optimum, where optimum mears™, and
introduceAp=p— p°P.. Finally, we write

0.05

Up to date this type of scaling was demonstrated only for the
'CLBLCO family.?

It is important to mention that Eq3) is independent of
the criteria used to determinkg,. In the case of LSCO, for
example, T, was determined from Ed1) by two different
methods.(1) the temperature at whicp=1/2, a behavior
typical of spin glasses daf, ®. (2) the temperature where,
obtained only from fit to the long time data wih=1, has a
peak—a common feature of all magnets upon free2iBgth
methods agree with each other.

We interpret the scaling of Fig. 3 as follows. The Uemura
relationg? and recent theories of hole pair boson motion in
where K; is the scaling parameter that is different for the

various cuprate families. We mterprdpm as Pm_p(r)npt ) TABLE I. Showing the optimal chemical doping, the scaling
whereppP" is the number of mobile holes at optimum. This factor used in Eq(2) to produce p,,, and the maximun, for the
point requires extra attention; the scaling we perform bevarius compounds presented in Fig. 3. TRE® (and p°?) of
tween chemical and mobile holes is done by counting thenyCBCO is not known, and the values given in the table are as-
from optimum, and not fronp=0. We determine&k; from  sumed. Only two samples of YBCO, for which bdtg and T, have
experimental data by making,/T¢'®*, for all the families, been measured, are shown.

collapse onto one curve, resembling the curve of

Apn=K;Ap, )

La,_,Sr,Cu0,, since in this case it is believed thag=p.  HTSC Familiy Popt K L
This is demonstrated in Fig.(8. It should be pointed out CLBLCO x=0.1 018 20 58
that LSCO serves only as a reference, and wheihetrp for LBLCO X:0'2 0'18 1'9 69
this compound or not has no bearing on our conclusions. LBLCO X:0'3 0'18 1'8 +7
summary ofp°P!, K;, and T¢'"™is given in Table I. In Fig. CLBLCOx—0.4 0'18 1'5 80
3(b) we also plotT,/T¢'** as a function ofAp,, (using the LSCO e 0.16 1'0 38
previously determined values d€). Magically, T,/T¢'®* YCBCO 0.16 1'1 65
als_o collapse onto one Iine_for gll thg cuprates we have eX3i 5919 0..16 1'_1 44
amined. The line, depicted in Fig(t8, is described by YBCO 0.16 1.0 93

LSCZOx=0.01 0.16 1.5 26

LSCZOx=0.01 0.18 2 17

Ty /TM*=—2.5Ap,,—0.15. 3)
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an antiferromagnetic backgrounsuggest thaf ., is propor- La, SrCu, Zn O,
tional to ng with a proportionality constand;, where the 05—
subscriptf stands for family, namely, o 4'_ = B x=002| |
| O x=0.01
To=JiNs(APp). (4) Cosl ® x=000| ]
The reason different families have differeRt®*=J;n40) is EEO 5l . )
becausel; varies from one family to the next, bat(Ap,,) = |e =]
does not. Therefore, 0.1F © o a 1
I § (b)
To /T ny(Apy)/ng(0) (5) 0.9 —+——+——
clle sLAPm)/Ng 1.0-' o @990y » b
is a function ofAp,, for all cuprate families. Using Eq3) 0.8} 2 o s .
this gives : o6l - " o |
S . ®
Tg=Jing(0)(—2.5Ap,—0.15. F04r e T
Thus, the successes of the simultaneous scalifig ahd T 0.2 r - @ ]
for all the compounds discussed here suggests that the same 0.0 . . .
energy scale; controls both the superconducting and mag- -0.10  -0.05 0.00 0.05 0.10
netic transitions in all cuprates. Ap,.

At first this result seems surprising, since it is believed
that in the antiferromagnetic phase of the cuprates, there are FIG. 4. (Color onling (a) T./T¢** and(b) T4/T¢'®* as a func-
three magnetic energy scales. The isotropic in-plane Heisenion of Ap,,=K;Ap [see Eq(2)]. K; is chosen so thal, /T vs
berg couplingd, and the in-plane and out-of-plane anisotropyAp,, domes for various La ,Sr,Cu_,Zn,0, compounds, repre-
energiesJay, and Ja,, respectively. However, Keimer senting impure cases, collapse into a single curve. The same scaling
et al. showed that the Ne temperatureTy depends only does not apply tdy.
logaritmically on both anisotropies,, anda, .* It is con-
ceivable that this is also the situation in the glassy phase. Iane family of HTSC with its ownT¢'®. The reduction of
that case the energy scaleTof will be set only byJ. Another To®™ with increasing Zn concentration is a result of the in-
two-dimensional theory that appears to support the existenaereasing impurity scattering rates, since the Zn reside in the

of glassy freezing is given in Ref. 13. CuG, plane. As demonstrated in Fig. 4, the scaling transfor-
Further insight could be achieved by assuming a lineamation that makes all. vs Ap,, domes collapse into one
relation betweemg andAp,,, namely, function does not apply fof, vs Ap,,. The parameters used
to generate this plot are also given in Table I. The failure of
Ng(APm) = a(p2P+ Apy). (6) the scaling suggests that a mechanism with a different energy

_ _ _ scale is involved in the reduction df, when impurities are

would havea=1/2. Takingpp?'=0.16, we find from Egs. for the impure cases do full on the same line.
(3) and(6) We conclude that the variation af, between different
superconducting families, based on Gu@anes, is a conse-
T/TE¥=0.31—-cgXng(Apm)], (7) ?uence of variations in the strength of the magnetic interac-
ions.

wherecy=8/a. This equation could be used to predigtfor
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