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ABSTRACT

Positive muon spin rotation and relaxation (/i+SR) measurements of the
oxygen-deficient perovskite YBa2Cu3Oe have revealed local antiferromagnetic
(AFM) order for 6.0 < x < 6.4 with a Nèel temperature TN that decreases
rapidly with increasing oxygen content x. For carefully annealed samples with
6.35 < x < 6.5 the superconducting (SC) transition temperature Tc increases
smoothly with x from 25 K at x = 6.348 to 60 K at x = 6.507. Two such
samples with x = 6.348 and x = 6.400 seem to "switch" from SC to AFM at
low temperatures.

PACS numbers: 75.25.+Z, 75.50.Ee, 76.90.+d
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The recent discovery'1' of superconductivity at the anomalously high tem-

perature of Tc « 90 K in the perovskite YBa2Cu30x (6.9 < x < 7.0) has

stimulated theorists to explore new mechanisms for superconductivity. Several

such theories'2' involve frustrated antiferromagnetic couplings between copper

and/or oxygen ions in the CuO2 planes that these materials have in common

with the slightly lower-Tc perovskite Laj 85Sr0.i5CuO4_«. It was therefore in-

teresting to learn, both from neutron diffraction'3' and from /i+SR and suscep-

tibility measurements,'4' that the (insulating) parent compound La2CuO4_«

exhibits antiferromagnetic (AFM) order below a Neel temperature Tpi that de-

pends critically upon the oxygen deficiency 6 (TN increases with increasing S),

lanthanum stoichiometry and/or doping of Sr for La. For instance, we have

found that replacing La2 by La1.9sSr0.02 reduces T/v from around 250 K to less

than 15 K.

Similar AFM ordering was discovered in the oxygen-deficient YBa2Cu3Ox

materials (insulating for x < 6.3) by (i+SR measurements,'5' but it has proved

difficult to detect the AFM order by either susceptibility or neutron diffraction.

As we shall show, the absence of a susceptibility cusp is due to the strong

dependence of Tjy upon x, which is inevitably slightly heterogeneous in any

sample, and the weakness of the AFM neutron diffraction Bragg peaks is due ;

to the small moment per Cu ion as well as the relatively short range of the

AFM order.

The experimental technique used in these measurements, positive muon

spin rotation/relaxation (/*+SR), has been described in considerable detail in a •

number of review articles and books,'6' as well as outlined in recent papers on

the present topic.'7' We shall therefore be content to list its salient features in •*.'£

the current context: >

1. Perfectly spin-polarized positive muons {(x+) are stopped one at a time in ;||
a sample of interest. This represents the "dilute limit" in which probe- ''&

probe interactions are nonexistent. Pn
-I

2. Due to their high initial energy (~ 3 — 4 MeV), the muons penetrate 1

well into the bulk of the sample (typically around 0.2 mm deep) and

stop at macroscopically random locations within the solid. The unions

therefore probe the solid volume of the sample randomly on any scale

large compared to the crystalline unit cell and small compared to the



overall dimensions of the sample (~ 1 cm).

3. The muons initially come to rest within less than 1 ns at lattice sites where

they find a potential energy minimum; these are usually interstitial sites,

and there are usually only one or two choices. During their lifetime (an

average of about 2.2 fta) they do not move from the site where they come

to rest unless the temperature is high enough to cause muon diffusion. In

these materials, such "hopping11 sets in only above about 250 K.I7)

4. As each (i+ decays it emits a high energy (< 52 MeV) positron prefer-

entially along its spin direction. Thus an accumulated histogram of time

intervals between p+ stop and e+ detection in a given direction contains a

term proportional to the muon ensemble polarization component in that

direction. The asymmetry between two such time spectra, with a few

simple numerical adjustments, is in fact a picture of the time dependence

of that polarization component, within a constant factor Ao that is easily

measured for a given sample geometry.

5. During its residence at the chosen site, each muon's spin precesses in

the local magnetic field Bioe at a frequency vM = yhBioc, where -yM =

0.01355 MHz/G. For a uniform external magnetic field B|oc = Bex, ap-

plied perpendicular to the original (£) direction of the muon polarization,

the asymmetry A(t) will then oscillate between -Mo and —Ao. Such a

measurement is known as transverse field or TF-/i+SR. In zero applied

field (ZF-/i+SR), the muon "sees" the local field produced at its site by a

magnetically ordered lattice. If the direction of the local field is random

(as it must be for powdered samples like those used in this experiment),

each muon's polarization precesses on a different cone, but as long as

the magnitudes of the local fields are all the same, the muon ensemble

polarization along the original (z) direction will periodically return to its

initial value of unity. As for TF-/i+SR, in static fields any relaxation of the

asymmetry with time is a reflection of "dephasing" due to heterogeneous

•Bloc-

6. Thus /i+SR provides a time-domain signal analogous to the FID in mag-

netic resonance, with the differences that (a) the convenient time range

is of the order of the muon lifetime (10 ns to 10 /is); (b) the experiment

is literally performed one muon at a time, and requires a total of only



about 107 muons for reasonable precision; and (c) there is no need for any
applied field or RF excitation, as the muons arrive 100% polarized.

The samples used in these measurements were sintered powders of

x prepared by two rather different methods. In the "quench"

method, samples were heated in controlled atmospheres of oxygen and/or argon

and allowed to equilibrate to the oxygen content determined by thermogravi-

metric analysis (TGA) on test samples, using as a reference neutron diffraction

results from Argonne'8! which show crystallographically which oxygen atoms are

removed as the oxygen content x is decreased. The samples were then dropped

directly into liquid nitrogen and transported under argon to TRIUMF for /z+SR

experiments. In the "slow anneal" method, a "mother batch" of YBajCusOz

powder was pressed into discs and annealed in pure O2 at 450°C for 24 hours,

a procedure which produces fully oxygenated samples with x = 6.95 ± 0.05

(where the uncertainty is not in the reproducibility of the endpoint, but in its

absolute value, which has been reported in the literature to have fixed values

ranging between 6.9 and 7). The requisite amount of oxygen was then removed

from each sample at temperatures between 420°C and 460°C using a helium

cooled wand in a closed system. Next each sample was held at a constant tem-

perature of « 420°C for 24 hours in order to allow any gradients in z to be

dissipated. Finally the remaining O2 was suddenly removed from the chamber

and the sample cooled in a few seconds to room temperature. The resultant

slow-annealed samples should have a far more homogeneous oxygen distribution

than the quenched samples. It is important to note that, while the absolute x

values are uncertain by as much as 0.05, the relative x values in such a series

of samples are known to better than 0.01.

As observed earlier,'5! the most oxygen-deficient samples (x » 6.0) re-

vealed a strong ZF-//+SR precession signal in the AFM state, corresponding

to a local field B\oc ranging from about 300 G at low temperatures down to

about 150 G just below the mean TN of about 360 K. The small magnitude

of B\oc compared to other oxide insulators'9! indicates a small moment per Cu

ion - even smaller than in LaaCuO^-j - and is in itself an important result.

However, the main focus of the present experiment was a careful determination

of the magnetic ordering temperature.

This is seen most easily'4' from TF-/i+SR experiments in low applied



field: if 27ext < #loc (as for the 84 G field used in these measurements) then

the amplitude of the precession signal at the frequency corresponding to the

applied field reflects only that fraction of the sample which has not ordered

magnetically - i.e., the paramagnetic fraction. Any muon in an AFM region

"sees" a completely different local field, upon which the applied field is in effect

a random perturbation. The easily measured TF-//+SR precession asymmetry

is thus a convenient, quantitative, normalized measure of the paramagnetic

fraction. This is illustrated in Fig. 1, which shows TF-/i+SR time spectra for

T > Tff (circles) and for T < Tn (crosses). From such measurements are

extracted the paramagnetic fraction as a function of temperature for various

samples with different x, examples of which are displayed in Fig. 2.

The onset of AFM order is accompanied in each ess- y a small negative

frequency shift (St/p/ito ~ —1%) and an increased relaxation rate {T^1 ~ 0.1 —

0.3/JS"1) for the muons in the residual paramagnetic fraction of the sample.

This is most pronounced in the samples for which the mean Ts is lowest, but it

persists even when the median Tjv is as high as 360 K. The natural assumption

is that these effects are consequences of critical slowing down of spin fluctuations

in the regions whose Tn is just below the sample temperature; the enhancement

for low mean T/v suggests that short range two-dimensional AFM couplings

in the C11O2 planes are retained even when the "interplane" couplings that

allow long range three-dimensional AFM order have somehow been weakened.

Further studies of these "dynamic" phenomena in zero and longitudinal applied

field are underway.

Much more pronounced muon relaxation rates and frequency shifts are

observed if the sample becomes superconducting (SC), because of flux exclu-

sion and the granularity of the sample.'7) In these cases the frequency shift is

typically Sv^/vo ~ —10% and the relaxation rate r2~' ~ lps"1, but in the very

fine powders used in this experiment there is no asymmetry loss; moreover, the

SC transitions in these samples are quite sharp, as is the onset of their effects

on Su,,/vo and T^1, in contrast to the gradual onset of smaller effects in the

AFM transitions.

As is evident from Fig. 2, the AFM transition is not very sharp even in

the most carefully annealed samples, and in the range 6.15 < x < 6.25 the

width of the T/v distribution in one sample is apt to be of the same magnitude
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as the mean TN- This has a simple explanation in terms of the inevitable

inhomogeneity of x and the strong dependence of Tc upon x, as displayed in

Fig. 3, which shows the mean TN (i.e., the temperature at which 50% of the

sample has ordered antiferromagnetically) as a function of x. Where dTfi/dx is

largest, the transition tends to be the sloppiest. This means that susceptibility

peaks are likely to be found only for the most severely oxygen deficient samples

(x « 6.0) whereas these samples may be prone to crystallographic defects that

could hamper neutron diffraction measurements.

Fig. 3 also shows an interesting distinction between "quenched" and "an-

nealed" samples: the latter show an onset of AFM order at an x roughly 0.1

lower than the former. This is not at present believed to be merely a miscal-

culation of z, although a certain knowledge of x in such samples is no mean

achievement.

Another interesting feature of TN(X) is that the steep drop-off around

x « 6.25 is followed by a "tail" at higher x, where the samples are on the verge

of becoming superconductors. In fact, the two annealed samples at x = 6.348

and x = 6.400 both showed sharp SC transitions at Te — 25 K and Te = 32 K, \

respectively, and then ordered magnetically below TN = 10 K and TN — 5 K,

respectively. The p+SR "signatures" of the SC and AFM transitions are easily

distinguished, the former giving huge negative frequency shifts and relaxation

rates while the latter causes a TF asymmetry loss. The onset of AFM order in <

the presence of SC in these two samples is accompanied by a dramatic lessening 1

of the large negative SC frequency shift, which suggests that material which was ".,

SC relinquishes its superconductivity to become AFM. •

The most interesting empirical question, of course, is whether these sam- ;

pies at the borderline between AFM and SC are merely heterogeneous, so that ; |

part of the sample can be SC while another part is AFM, or whether the same j |

material can be simultaneously AFM and SC (as is certainly the case for analo- A

gous materials containing magnetic rare earths,'10) but would be surprising for ii

a system in which both AFM and SC are believed to be mediated by the same

electrons!) or whether, as we suspect, a region which is SC at 20 K "turns off"

its superconductivity to become AFM at 2.5 K. A more detailed analysis using

(i+SR may be able to resolve this question unambiguously.
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FIGURE CAPTIONS

1. TF/i+SR time spectra in YBa2Cu306.2»8 (slow annealed) for T = 70 K

(circles) and for T = 5 K (crosses) showing the effect of AFM ordering on

the precession signal. The fitted curves are not displayed for early times,

where for the 5 K data a faster oscillation is apparent; this signal is from

muons processing in the local field of the AFM ordered phase.

2. Temperature dependence of the paramagnetic fraction in YBa2Cu3Ûz for

a quenched x = 6.0 sample (crosses) and for three slow-anneaJed samples:

x = 6.262 (triangles), x = 6.298 (circles) and x = 6.348 (squares). The

x = 6.348 sample has a sharp superconducting transition at Tc — 25 K

prior to ordering magnetically at TN as 10 K.

3. Dependence of the mean Nèel temperature TN upon the oxygen content

x in YBa2Cu3Oz. Squares denote quenched samples; circles denote slow-

annealed samples. The slow-annealed samples with x = 6.348 and x =

6.400 also have sharp superconducting transitions at Tc = 25 K and Tc =

32 K, respectively.
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