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I. Overview

The present approach to a y-ray laser is based on the use of a long-lived
nuclear state (isomer t > 1 sec) acting both as the storage and lasing level. The
present approach requires that nuclear resonant emission occur from long-lived
states. We have examined the issue both theoretically and experimentally.
Theoretically, as discussed in a recent paper, there are reasons to believe that for
long-lived states (1 > few msec) the controlling width for nuclear resonance is not
the natural linewidth (I'y) but the homogeneously broadened relaxation width
(h/ty). This would make observation of the Mossbauer effect from long-lived

states less stringent than previously believed.

Experimentally, our efforts have continued to focus on observing the
Mdssbauer effect with the 88 keV level in 109Ag possessing a meanlife (t) of 57.14
seconds. A facility dedicated to these experiments and based on a vibration-free
He-closed cycle cryostat which can provide for T-variation and control at
cryogenic temperatures was developed during the course of this grant. The first
results on the resonant self absorption experiments on this facility are now

available and are discussed in section II of the report.

During the course of these Mdssbauer resonant self-absorption experiments,
we began to suspect that the smallness of the effect could be due to the presence
of a small (300 mGauss) but finite earths magnetic field on the 109Cd/Ag source.
This magnetic field actually leads to an enormous Nuclear-Zeeman splitting (~
106r,) which reduces the resonant cross-sectior available in the self-absorption
measurements by approximately a factor of 4.  This is a point discussed later in
section il. rurthermore, presence of this magnetic field on the source, in

principle, also destroys partially the nuclear dipole-dipole coupling between the




Ag nuclei in Ag metal. This coupling, we believe, is needed to promote relaxation
(t,) at the zero-field nuclear level-crossing (prevailing for cubic Ag) to produce
homogeneous line broadening (h/t;). In the absence of this homogeneous line-
broadening, the Mobssbauer effect from the long-lived state may not be feasible.
For these two specific reasons, experimental efforts towards reducing the ambient
magnetic field on the source by four orders of magnitude were undertaken and

successfully carried out. The underlying effort is discussed in section IL

The tunability of nuclear relaxation at level-crossings constitutes the second
basic principle that must be unambiguously demonstrated for the present
approach to a y-ray laser to be feasible. The spin I=1, 29.4 ms mean-life level in
128 produced in a spin polarized state and implanted in a crystalline host,
provides an elegant atomic scale probe of nuclear relaxation in solids. The case of
face-centered-cubic Al single crystal in an extemal magnetic field has been
investigated by us in detail. At f{inite magnetic fields the 12B hyperfine
interaction (gap) can equal the 27Al hyperfine splitting. At such fields the initial
128 polarization can be resonantly transferred to the 27Al nuclei. The !2B spin
polarization measured as a function of applied magnetic fields will display
resonances at these special fields. These resonances have now been identified as
multi-spin level-mixing resonances. Time-differential measurements of the
asymmetry at level-crossing magnetic fields has for the first time permitted us to
extract relaxation times (t;). These resuits discussed in section III clearly
demonstrate the tunability of t, at nuclear-ievel crossings. These results
constitute an important building block in realization of a y-ray laser based on the

present approach.




II. Status of Madossbauer Effect Experiments from Long-Lived States

a. Experimental Considerations

We designed a seif-absorption experiment in which geometry changes of the
cold finger upon cooling to He-temperatures are minimized. We have used a cold
finger cooled by a He-closed cycle refrigerator (Model CS202 from APD, Inc.) in
which the expander (DMX-20) vibrations are totally decoupled from the sample.
The decoupling was confirmed by measuring the linewidth on the inner two lines
of a-Fe in a conventional 57Fe Méssbauer experiment and displayed evidence of
no measurable line-broadening upon switching on the expander. In the 109aA g
experiment, we detected the gamma rays in a Ge detector, whose axis is
perpendicular to the direction of contraction of the cold-finger. Because of this
geometric configuration and also because of the comparatively shorter length of
the cold-finger in these refrigerators (in relation to the length of liquid He
dewars used by previous workers) our experimental arrangement is at least two-
orders of magnitude less sensitive to geometry changes induced by cooling.
Furthermore, we have the advantage that we can scan the full temperature range

from 10K up to 300K, without touching the system.

b. Nuclear Zeeman Splitting in 1094 g

Table [ lists the relevant Mdssbauer parameter of the 88 keV y-resonance.
Presently the most noteworthy parameter in this table, is the nuclear Zeeman
splitting of 5.55 x 10"!!eV expected in a 1 Gauss field, which represents a 4.8 x 106
Fn. The Zeeman splitting is illustrated in Fig. 1. In a 1 Gauss field the two
outermost members of the 14 line multiplet structure are separated by 94.64 nm/s
in velocity units. In a resonant seif-absorption measurement since the emitting
and absorbing nuclei are both present in the same magnetic field, the relevant

hyperfine structure is the one shown in Fig. 2. It consists of a 21 line multiplet




TABLE I

MOSSBAUER PARAMETERS OF THE
88 keV Y-RESONANCE IN 109ag
88.034 keV level, Igo = 7/27"
MEAN LIFE 7 = 57.1l4s
MULTIPOLARITY - E3 Transition Ig = 7/2% - Ig = 1/27
Natural Linewidth /7 = 'y = /7 = 1.153x 10-17 ev

NUCLEAR ZEEMAN SPLITTING in 1 Gauss Field:

189.28 nm/s or 4.816 x 106y or 5.55 x 10”11 ev

GRAVITATIONAL RED SHIFT over a lu fall:

0.83 'y or 0.96 x 10~17 ev

SECOND-ORDER-DCPPLER SHIFT at T > 100K

1.12 x 10710 eV/K or Ty /4K
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Nuclear Zeeman splitting of the 88 keV y-resonance in a 1 Gauss external
magnetic field (top). Expected Mdssbauer spectrum with a single line

source and split absorber (bottom) would coasist of a 14-line muitiplet
structure.
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Fig. 2. 109Ag Magnetic Hyperfine Structure expected for a magnetically split
source and magnetically split absorber in a 1 Gauss fieid (top). The
calculated hyperfine structure (bottom) consists of a 21-line spectrum,
with the maximum cross-section (27.56% of @,) for the line at v=0 am/s.
This corresponds to the 14 emission-lines from the source resonantly
absorbed with corresponding 14 transitions in the absorber.




structure.  Because of the hyperfine splitting, only 27.56% of the resonant cross-
section is actually at the centroid for the resonant se!f absorption measurement.
We note that the splitting between the outermost lines represents ~ 106 [',. Indeed
if the observed linewidth happens to be the homogeneously broadened width
(10-14eV) rather than the natural width (10-18eV), one would expect the whole
hyperfine splitting to collapse at the centroid in a field of 10 mGauss. Such a
collapse would increase the size of the resonant self-absorption by a factor of
approximately four (27.56% — 100%). This constitutes one cf the obvious factors

why the 109Ag measurements must be performed in a low-field.

To buck the earth's magnetic field on the !09Cd source, we proceeded in two
steps. First a system of four nested shields of 0.040" mu-metal with 1/4" spacers
were designed by surrounding the Al vacuum shroud DMX-20 of the Dixplex
(CS202) He cryostat. The shields were designed by Magnetic Shield Corporation.
Bensenviile, Illinois. Three of these shields were outside the vacuum shroud
while the fourth one lined the inside of the vacuum shroud. Mu-metal is a high
permeability magnetic material that essentially shields by rerouting magnetic
flux-lines around the sample. The system lowered the magnetic field from about
300 mGauss to about 1 mGauss oun the source location. The fields were measured by

a triple-axis Applied Physics System 520 fluxgate magnetometer,

The second step consisted of sandwiching the dime-sized 109Cd(Ag) source
between a pair of superconducting thin films (0,5u thick) of Y{BaCu307 sputtered
on thin-single crystal MgO substrates. Such films have been routinely grown and
thoroughly characterized as part of the Ph.D. thesis of Chuck Blue (working with

the contractor) on an NSF grant. These films display a Tc = 90K with a width AT -
2K. and are characterized by a Jc ~ 108 A/ecm2 at 10K, and a Hc; that exceeds 100




Gauss. Given that the penetration depth of these superconducting films are
typically A = 1200A at T < T¢, one expects the reduction of the magnetic flux on the
source to be about e'YX (where t = film thickness), i.e. a factor of about 65. With
the films in place, we thus estimate the magnetic field on the source to be down to

15 Gauss.

d. Data Acquisiticn System and Results

Pulse height spectra of the source were taken with an intriasic Ge detector
(MAC portable detector) using an S-100 card multichannel analyzer (both from
Canberra Industries) on .n IBM-PS2 computer using a 400 MHz ADC. Figure 3
displays a typical pulse height spectrum of the 109Cd source in which windows
were set on the Kq. Kg x-rays and the 88 keV gamma photo peak. Integrated
counts in these windows were accumulated every six hours in a task-mode of
operation. The integraied ciunts unu.. the x- and y-ray peaks as well as th. ratio
of integrated counts was obtained and plotted as a function of time. Figuies 4 and
5 display some of the results with the source cooled at 13K and 60K. respectively,
with the superconducting thin-films inserted. Table II gives an overview of our
results taken over a 6-month period on a 109Cd/Ag source. These results clearly
indicate the absence of any measurable change in the rato </y(T) between 14K

and 60K either at H -: 3 mlligauss or H = 30 uGauss.
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TABLE 1II

SERIES

1

Following runs with 109Cd/Ag source between superconducting films

6
7

8

RUNS*

5060 — 50857
5092 — 5118
5119 — 5179
5180 — 5242

5243 - 5242

5255 - 5269
5270 - 5309
5310 — 5360

TEMPERATURE
12.9K
60K
14K
60K

14K

300K
13K
60K

MAGNETIC FIELD
3 milligauss
3 milligauss
3 milligauss
3 milligauss

3 milligauss

30 microgauss
30 microgauss

30 microgauss

X/
26.527 = 0.010
26.495 = 0.010
26.490 = 0.007
26.482 + 0.007

26.503 + 0.015

24.389 = 0.012
24.350 *+ 0.007

24.352 = 0.007

*A run implies 6 hour counting time on the pulse height spectrum with the Ge detector.

The detector is rigidly attached to the source assembly.
experimental

arrangement.

The attached slide shows the

*5050-5085 indicates a total of 26 runs, i.c. 26x6 = 156 hours of counting time on the first
series for which the T = 12.9K and the magnetic field on the source of ~ 3m Gauss.
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ITI. TUNABILITY OF HOMOGENEOUS LINEWIDTH AT NUCLEAR
LEVEL CROSSINGS

In this section we include a manuscript which was recenily presented at the
Hyperfine Interaction Conference held in Osaka, Japan, August 17-21, 1992. The
manuscript is scheduled for publication in Hyperfine Interactions. It provides a

concise summary of our results on nuclear level crossings using the 12B probe in

Al

15




IDENTIFICATION OF CROSS—-RELAXATION RESONANCES OF 12g IMPLANTED
IN S.C. ALUMINUM.

. S’heeren, M. Van Den Bergh and R. Coussement
Instituut voor Kern— en Stralingsfysika, K.U. Leuven,
Celestijneniaan 200D, B—~3001 Heverlee, BELGIUM

M. Cyamukungu, J. Lehmann, R. Pirlot and L. Grenacs
Université Catholique de Louvain, Louvain—la Neuve, BELGIUM

P. Boolchand, University of Cincinnati, Ohio 45221-0030, USA

Abstract : Polgrized 3B nucles were produced and recod implanted in
single crystals of f.c.c. aluminum. The boron decay asymmetry
and relazation times were measured as ¢ function of external
magnetic field values and at different orientation angles of the
crystal. To identify the resonances at certain field values in the
BB depolarization s Al, a consistent theory based on the
principle of ¢ multi~sptn system and nuclear level—crossing has
been developed. A unique identification of the resonances,
based on the resonant interaction between boron and particular
pairs of aluminum neighbours, is perfectly possible. The strong
disstpative coupling of the Al nuclet with the electron bath of the
lattice makes a straightforward interpretation of the resonance
width and depth, based on the developed theory impossible.

16




Cross relaxation measurements of 2B nuclei recoil implanted in f.c.c. Al (S=5/2) single
crystals have been performed at the Van de Graalff accelerator at Louvain—La—Neuve
(Beigium). The 2B (I=1,7=29.4 ms) nuclei are produced in a spin polarized state by the
interaction of a 1.5 MeV deuteron beam with a thia !B foil mounted on an inox backing.
A maximal spin polarization perpendicular to the reaction plane can be achieved by
selecting the 2B nuclei recoiling at 49° with respect to the beam direction (fig. 1). An
external magnetic field B, is applied along the polarization axs and the 2B spin
polarization is established by measuring the up—~down asymmetry of electrons emitted
from the 12B-12C decay.

In these measurements, we focused our attention on two problems concerning resonant
cross relaxation. First we identified the Al neighbours to which the 12B is coupled
resonantly, secondly we studied the processes involved in the loss of polarization. In order
to allow the identification and the interpretation of the width and the depth, a consistent
theory based on the prindple of a two—spin system and nuclear level crossing and
mixing[l'zl has been developed and the results compared to the experiment.

Since the 2B impurity is known to occupy the octahedral interstitial position in A.l[3'4],
the Al neighbours feel a quadrupolar interaction due to the presence of the boron.

The electric field gradient induced by the 12B on each Al pair is axial symmetric and
directed along the axis that connects the B with the Al pair. First we consider the
Hamiltonian of the two—spin system neglecting any couplin.g between !2B and 27Al nuclel

assuming that the magnetic field is aligned with the polarization axis [5]:

H, = H((1B) + H,(?7Al) (1)
A+B+C+D+E

with A= -l
-2
B = ~wsS
z1
= 18 - 2952
C _QT(BCOSQ 1)(35z S?)

17




= 3 :
E= YQ 3 (SZSX+Ssz) sin2d

where [ represents the angle between the axial symmetric electric field gradient V,,
at the ?27Al nuclet and B,.
wWin = Jun Be/R
vy = e2qQ/4S(2S-1)h
Spedial cases occur at §=0 and f=7/2. Since for f=0 terms D and E of Hy vanish, only
diagonal elements will occur in the |m,,m,> representation and the energy levels of the
two—spin system can cross as function of B,. A special case concerns A=x/2 where only
term E vanishes so that Hy is no longer diagonal in the [m;,m,> representation.
However, as term E (mixing levels with | Am,|=1) is missing, the Hamiltonian can be
reduced to two sub — Hamiltonians and the eigenvalues of one Hamiltonian can cross,
without repulsion with the eigenvalues of the other one. If however, g deviates from 0 or
7/2 so that term E becomes important, the level scheme will show only repulsing and no
crossing levels anymore.
By considering also the perturbation interactions the Hamiltonian becomes :

H=Ho+ Hg 4, (2)
in which Hp_ ,; describes the interactions between boron and aluminum. This term
which can normally be neglected becomes very important when the energy levels cross.
At this field values the perturbation interaction couples the boron and aluminum
resonantly so that the boron can transfer a part of its initial polarization to the Al
neighbours 50 that their levels become equally occupied.
Having a look at figure 2 where boron is placed in the Al lattice, the six nearest
neighbours (nns) can be divided into two groups. The Al pair along the [001] axis has 4
equal to zero. For the 4 Al nns in the basal plane residing along the [100] and (010] axis,
B is equal to 7/2. This second group splits into two different pairs when the crystal is

rotated about an angle ¢ around the [010] axis with the Al pair along the rotation axis
18



remaining at §=/2 so that the other one along the [100] axis having an angle J=7/2:4.
For the Al nns pair along the {[001] axis § is always equal to ¢. For increasing values of 5,
energy levels will repulse what results in a broadening and finally a disappearing of some
resonances, while new resonances will appear at fields where accidentally two levels
approach close enough in order to be mixed by the coupling term HB—- Al

A study of the next nearest Al neighbours (corners of the cube) is also possible when the

(111] axds of the crystal is rotated in the magnetic field direction. Such resonances have

been identified but will not be discussed here.

The field dependence of the polarization of the 2B nuclei was studied at room
temperature and for different orientation angles _‘?_ so that using the developed theory and
concepts, a unique identification of the resonances is possible. The resonance at 682
Gauss (fig. 3, ¢=0) must be assigned to the Al pair along the {001] axis, while the
resonance at 408 Gauss is caused by the 4 nns in the basal plane (¢=0,4=7/2). This
assertion becomes clear when looking at figure 3 where for ¢=10", the 408 Gauss
resonance splits into two resonances. The one remaining at 408 Gauss corresponds to the
Al pair along the rotation axis (E=I/2) while the other dip can be assigned to the Al pair
along the [100] axis. The two Al pairs for which J changes with ¢, shift to other field
values and broaden as a function of ¢ as explained before.

The Hamiltonian as described in equation (2) is not able to explain the large depth of the
obtained resonances. This means that 2B is not simply transferring a part of its
polarization to one or more Al pairs and vice versa but the polarization is lost by the Al
neighbours before it can be returned to the boron. Due to the fact that the density of
electrons at the Fermi level in Al is much larger than for the boron atom, the Al atoms
have a smaller T, relaxation time than the 2B and so the polarization that is transferred
from the 2B nuclei will be quickly dissipated to the lattice as soon as the resonant
coupling 12B—37Al is effective. This dissipative coupling is expected to disappear at low

(He) temperatures where T, for Al becomes much IargerIsl than the nuclear life—~time.
19




The boron and its aluminum neighbours will be isolated from their surrounding.
Experiments at this temperature are in preparation.

Finally, T, relaxation experiments versus external field clearly supports the strong
dissipative character in aluminum (fig. 4) and this explains why the loss of polarization
does not follow the level mixing theory.

Using this theory, the widths of the resonances can be calculated assuming the
perturbation being strictly nuclear dipole—dipole. In that case the calculated value is
much smaller than the experimental one. This fact enables to conclude that the indirect

coupling in Al is much more important.

This work was sponsored by SDIO/IST and managed on ONR grant N00014—88—K-203s.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

12B are produced and polarized by "'B(d,p)!?B reaction and recoil implanted in
f.c.c. Al. The polarization is proportional to the measured asymmetry of the
emitted J—rays, detected in the up and down telescope detector system.

F.c.c. Al (open circle) with interstitial 12B (flled circle) octahedrally
coordinated to 3 pairs of Al ans. The boron possesses a cubic symmetric
position, but for the Al neighbours the cubic symmetry is broken. The electric
field gradient for the Al pair along the [001] axds (pair 1) makes an angle =0
with the B,—axis while for the 4 nns (pairs 2 and 2’)along the [010] and [100]
axds J equals r/2.

12B spin polarization as function of B,, measured at different crystal orientations
¢. For ¢=0, the resonance at 682 Gauss must be assigned to the Al pair along
the [001] axis with §=0 while the resonance at 408 Gauss corresponds to the Al
pairs in the basal plane with f=7/2.

At the cross relaxation field, the polarization is transferred to the Al and from

the Al neigbours further dissipated to the electron bath of the lattice.
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Fig. 128 are produced and polarized by “B(d,p)"1B reaction and recoil implanted in
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B.#11001]axis

(010]

(100]

Fig. 2 F.cc Al (open circle) with interstitiz’ 3B (filled circle) octahedrally
coordinated to 3 pairs of Al ans. The boron possesses a cubic symmetnc
position, bat for the Al neighbours the cubic symmetry is broken. The electric
field gradient for the A1 pair along the [001] axis (pair 1) makes an angle §=0
with the B,—axis while for the 4 nus (pairs 2 and 2')along the (010} and [100]

axis f equals /2.
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IV. Concluding Remarks and Future Plans

Absence of a Mdssbauer effect in 109Ag from the undertaken resonant self-
absorption experiments, lead to the basic question: is the T-dependence of the
resonant absorption for a lomg-lived state (t > few msec) given by the usual
expression of f(T) used for the case of short-lived (t < few msec) nuclear-states?
This we are in the process of examining theoretically. It is possible that
absorption processes for the case of long-lived nuclear states may include, besides
zero-phenon, one- and two-phonon events, thus altering the usual T-dependence
of resonant absorption. In that case the emission lineshapes will consist of a
narrow line (zero-phonon) superposed on an extremely broad line dne to
resonant processes involving phonons. The phonon assisted emission and
absorption processes may have a significant role in the gamma resonant
absorption measurements because of the long lifetime of the nuclear state. The
linewidths of the phonon-assisted resonant processes are extremely large
(10-2eV) in relation to the zero phonon process (lO'lch) linewidths. The
resonant self-absorption probability or effect may become largely T-independent,
since both emitting and absorbing nuclei are present in the same chemical

environment.

If one observes the Mdssbauer effect by separating the source and absorber
and providing a relative motion, then it is po.ssiblc to separate the zero-phonon
from the phonon-assisted resonant processes largely because of the small scan
velocities used. These permit only the zero-phonon part to be observed.
Furthermore, since only the zero-phonon resonant process is T-dependent, one

expects the velocity spectrum to display a T-dependence.
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Experimentally, this requires providing a controlled relative motion between
the source and absorber in the 1 nm/s range. Such a motion can be provided by a
micropiezoelectric transducer.  Such transducers are the basic components of the
scanning device used in present day tunelling microscopes (STM) or atomic force
microscopes (AFM). Plans to build such a transducer are under way to perform an

on-off experiment on 10%Ag.

To achieve cohercat emission of y-rays in a solid, ideally one would like
absorption processes both electronic and nuclear to be switched off at the y-ray
~nergy of interest as it traverses in a solid. During the course of the present
work, we realized that in a Mdssbauer experiment, it is possible to realize a
condition of non-reciprocity of y-emission and absorption due Quantum
Coherence at level-crossings. This is a relatively new idea in the field.
Theoretically, we have summarized the concept in a manuscript that is currently
under review. Experimentally, plans are underway to test the concept. We
believe once those basic concepts have been unambiguously tested, more realistic
plans to choose suitable candidate isomers and crystalline host materials can be

developed to build a y-ray laser.
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The temporal behavior of y-ray emission and absorption from long-lived (7> 1 ms) nuclear states is
modified qualitatively by interaction with the lattice, leading to homogeneous broadening. In contrast,
for the usual short-lived (r <0.! ms) states, such nucleus-lattice interaction invariably leads to inhomo-
geneous broadening. It is shown that resonant emission and absorption with long-lived states can be ob-
served provided the homogeneously broadened width, rather than the natural width, exceeds the solid-

state-induced inhomogeneous width.

I. INTRODUCTION

There is general recognition in Mdssbauer spectrosco-
py that when the lifetime 7 of a nuclear state exceeds
1073 s, the natural linewidth ", of the corresponding
Mgossbauer  transition  becomes  rather  narrow
(C,=#/r=10"" eV) and the observation of the reso-
nance absorption rather difficult on account of inhomo-
geneous broadening. A survey' of the literature indicates
that typical values of inhomogeneous line broadening in
the best crystals amounts to 107! eV or more. Conse-
quently, if one attempts to observe the Mdssbauer effect
with a y ray that has a natural linewidth of, for instance
[,=107"7 eV, crystalline inhomogeneities will broaden
the line by six orders of magnitude, making the observa-
tion of the effect impossible. It was therefore a real
surprise when two groups independently attempted to ob-
serve the Mossbauer effect with the 88-keV y ray in '®Ag
(I, =107"" eV) diffused in Ag metal and claimed evi-
dence for a small but positive effect.™’ This is indeed
unexpected. In the present work we examine the issue at
hand theoretically and identify the conditions under
which resonant absorption from long-lived isomers can
be possible.

I1. DESCRIPTION OF LONG-LIVED
NUCLEAR STATES IN A LATTICE

In considering the absorption or emission of y rays,
one must recognize that, when the lifetime is long, the in-
teraction of the nuclei with the radiation field actually be-
comes weaker than the interaction of the nuclei with the
crystalline lattice (consisting of electrons and nuclei). In
the case of '®Ag we can roughly estimate an upper limit
to the interaction energy with the radiation field as the
inverse of the lifetime (or the natural width) #/7,: 10~!7
eV, while the interaction energy with the lattice is at least
1073 eV. 1t is therefore not possible to handle the cou-
pling of the nuclei with the radiation field as if the nuclei
are free objects. In fact, we must consider the system of
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the nuclei plus lattice as a whole interacting with the ra-
diation field. It is clear that this particular situation
occurs only because of the extremely long lifetime or the
extremely weak coupling to the radiation field. The most
general procedure to treat the problem consists of solving
the Hamiltonian of the total system, i.e., the observed
quantum system plus its environment and the mutual in-
teraction. When an observable on the selected or ob-
served quantum system is needed, one must perform a
partial trace over all reservoir observables. This pro-
cedure is, however, of purely theoretical interest, since it
is difficult to take into account the nearly infinite number
of reservoir degrees of freedom.

We assume the coupling between the surrounding and
the nuclei to be weak enough so that the surrounding will
induce small but frequent changes on the nuclei, which
on average will have a small effect. When averaged over
a time scale, long compared with a typical correlation
time for the lattice, the effect of fluctuations on the nuclei
can be smoothed out and described by a continuous func-
tion f (¢}, with a mean fluctuation time T that is much
longer than the correlation time of the lattice.

When we describe the interaction of the total system
with the radiation field, the following approximation will
be used. In calculating the emission and absorption am-
plitudes, we will replace the wave functions of the initial
and/or final states by a nonstationary wave function of
the type

=T 172 ~twy

WX, )=wx0)f(t)e e . (1)

which includes the damping on account of nuclear decay
and the function f(¢) displaying the effect of the sur-
roundings on the nucleus. Here an analogy can be made.
The function f (1) describes the effect of fluctuations due
to the surroundings, while the damping factor takes into
account the effect of vacuum fluctuations on the nuclei.
The damping factor leads to a transition of the nuclei
from the excited to the ground state, while f{1} does
nothing of that kind. Even without a detailed knowiedge
of the function f(t), reasonable assumptions lead to

9755 '€©1992 The American Physical Society
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G. S'heeren, M. Van Den Bergh, R. Coussement
Katholieke Universiteit Leuven,
3001 Heverlee, Belgium.

R.N. Enzweiler, R. Harris, Y. Wu, P. Boolchand
University of Cincinnati,
Cincinnati, Ohio 45221-0030.

R.D. Taylor
Los Alamos National Laboratory,
Albuquerque, New Mexico.

M. Cyamukungu, J. Lehmann, L. Grenacs
Université Catholique de Louvain—la—Neuve,
Ottignie, Belgium.

Abstract — In this proposal for a y—ray laser, we investigate the possibility to use the isomeric level
as storage and lasing level. Discussing the problem of inhomogeneities, we point out the essential
role of relaxation. We give results of experiments intended to demonstrate the possibility to tune

relaxation times.

Int 1

In achieving 3 y-ray laser, two main problems will emerge. The first problem is the pumping,

the second will be the occurrence of inhomogeneities in the solid in which the nuclei must be built—in
in order to obtain a sufficient recoilless fraction. The schemes presented to date try to avoid at least
one of these problems.
In every scheme, the main part of the energy is stored in an isomeric level, requiring production,
separation and preparation of proper isomeric material. As it is mainly believed that
inhomogeneities cannot be avoided to a certain limit, most of the schemes are intended to convert
the population of the isomeric state to a short lived state. For this last one the naturai line width is
larger then the inhomogeneous one. However in that case the problem comcentrates on the
conversion Or pumping. ?t is indeed necessary to pump with an intense radiation to a level very near
in energy to the isomeric state. It is known in nuciear physics that the occurrence of such a doubiet
implies a special forbiddeness on the y—transition from the isomeric state, which does not apply on
the short lived one of the doublet. In most cases the isomeric levels are indeed spin isomers and this
implies also a large spin difference between the isomeric and lasing level.

The conversion process then must have a muiti photon character decreasing the tramsition
probabilities in such a tremendous way that fabulous intensities of pumping. power would be
required. In order to avoid the large spin differences, attention was drawn to the possible occurrence
of low spin but shape isomers. Such doublets have not been detected yet, despite the theoretical
expectations. Furthermore it will not solve the problem as shape forbiddeness will also affect the
conversion or pumping process to the short lived state. Another approach to the problem of pumping
18 investigated by the Dallas group. In this research it is found that photo—reactions through
door-way states, using intense beams of brehmstrahlung, are much faster than previously expected
and could provide a possible transfer mechanism from an isomeric level or ground level to the short
lived lasing level.

In our approach we investigate the possibility to use the isomeric level as the storage and lasing
level. In such a scheme, it is clear that the natural line width is at least many orders of magnitude




smaller than the width of the inhomogeneities which cannot be avoided anyway. For exampie the
inbomogeneities from nuclear dipole—dipole interactions are of the order of 10-13 eV, while for the
isomeric states, which we estimate long enough for the preparation, we can figure a aatural width of
10719 — 10-22 eV. It is reasonable to expect that in such a condition there can be no evolution to
superradiance. Indeed tie indirect coupiing between nuclei through the radiation field is ineffective,
since this is many orders of magnitude smaller than the energy difference due to inhomogeneities,
between two nuctei. Thereft @ such an ensemble can be expected to radiate omly in an incoherent
way.

1] approa:

We have assumed that the nuclei, which interact with the radiation field are free and isolated.
This assumption cannot hold for long lived states because the coupling with the radiation feld is
much lower than the coupling with the lattice (10-12 - 10-23 eV). This is in contrast to the usual case
of shorter lived states for which the coupling with the electromagnetic field is indeed much stronger
than the one with the lattice. In the case of long lived states we must consider the coupling of the
radiation field with the nucleus, which continuously interacts with its surrounding and not with an
isolated nuclens. We must therefore consider nucleus plus surrounding as one single system which
interacts weakly with the radiation field.

In this approach the energy degeneracy has to be considered on the total system. It means that
a photon can induce not only a nuclear transition, but also some changes on the lattice part.

Because of the relative weakness of the interaction with the radiation field, the evolution induced by
the latter on the nuclear system is much slower than the evolution induced by the lattice. We can
define an observation time T for absorption, long compared to the characteristic evolution time
induced by the lattice, but short compared to the nuclear lifetime.

On this time scale T, on which we observe the electromagnetic transition of the nuclei, the
interaction with the lattice is taken into account by considering the nuclear wave functions as
fluctuating rapidly. We have therefore assumed that the initial and the final wave functions can be
expressed as the product of an unperturbed wave function and a fluctuation function f{t).

Then the transition amplitude can be written as :

T i
i "R
YT)=-¢ J' <gra=1] V Jexca=0>,_, flt)e dt (1)
0

where hw = Eﬁ" E,- ?w7 is the detuning between the initial (Ea + M’r) and final state (Eﬂ)'

Without the fluctuation {(t) the amplitude is of Lorentzian shape having a natural line width A/r,.
The allowed detuning becomes extremely small as soon as the observation time T increases. In such
a case, because of the detuning induced by inhomogeneities, each photon can interact with only a
very small portion of the present nuclel.

However when fluctuations are taken into account, the sitnation is completely changed.
For the fluctuation function f{t) we can make a few. simple assumptions, namely a fast modulation
and 3 weak coupling regime, which means that the nuclear system is very frequently perturbed, but
that the effect of each perturbation on the nuciear system is very small. Therefore we can assume
that f{t) can be smoothed out to a continuous function when considered over a time scale T. We
farther assume that the fourier transform of the fluctuations is independent of the time interval
considered (stationary process).
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One obtains for the amplitude in fourier transform version

(1 ==k <ii> [ Fl) L+ B dw @)

-

in which L(w + },—) is a Lorentzian amplitude of natural width 7, and centered around w = 9.
n

As the patural width is assumed to be very small compared to the width of the distribution fT(u)
one can approximate the Lorentzian by a deita — function, so that the amplitude reduces to

AT) = -k <11> Fl(w) =2T(w) 3)

Such a simple expression tells us that the amplitude is distributed over a range of detuning that
is related to the frequency distribution width of the fluctuations, instead of to the natural line width.
In this case a photon of definite energy can interact with more nuclei of the inhomogeneous
broadened ensemble; however the coupling strength to each nucleus, even if it is in perfect tuning, is

weakened because of the fact that the distribution fT(u) must be properlv normalized tn

Liffw’ =1 (4)

When emission is considered under the same conditions, also the emitted photon is described as a
linear superposition of waves with frequency w v each wave having the amplitude a.T(u).
In order to test these ideas we bave considered the case of absorption of such photons on a system of
auclei, subjected to fluctuations from the lattice (or homogeneous broadened by the interaction with

the lattice). Two uncorrelated fluctuation functions f{t) and g(t) are introduced!, f(t) describes the
fluctuations on the absorbing nucleus and g(t) describes the fluctnations on the emitted photon and

has a fourier transform called gT(u). Under such conditions, it is shown that the absorption
probability is not weakened when the homogeneous width of the emitter matches the width of the
absorber. This fact is in contrast to the previous case where only one side was homogeneously
broadened. From that calculation we obtained for the absorption rate :

T ' 77, LR =27, T ® *
R () = 7 (<l 1> S g [ T, 62T 7p) dw (5)
Q

When both distributions are of the same type and width, as it is the case in a self-absorption
expeniment, one obtains for the last factor _

1 ? . * 2
arts] Ol T do = Lk 18T 4 (6)
o 0

The last expression is the averaged power absorbed and is equal to unity for one photon and
equal to the total flux of photons for a beam of photons.
It is clear that when the width is changed, this value does not change and conmsequently the
weakening of the coupling does not occur. When inhomogeneities are now introduced the detuning is




different for each aucleus and therefore each emitted photon will find only a limited number of auclei
with which it can interact. Without fluctuations this width is equal to the natural width, however

with fluctuations the width is much larger and given by the shape tAT(u).
nt 1094

It is in the above context that the observation of the Mdossbauer effect with the 88 keV y~ray in
09Ag (r = 57.14 sec), attracted our interest. The natural line width A/r = 1.15 10-7 eV of this
resonance is at least four orders of magnitude smaller than the crystalline inhomogeneities
(~ 10-13 eV) that onme expects due to nuclear dipole—dipole interaction in a solid?. Conventional
wisdom thus indicates that for such a case, chances of observing the M&ssbauer effect, if any, are
virtually ail®¢. However if we consider that not the natural width, but the fluctuation width must
be compared to the inhomogeneous one, then these widths could be comparable and one has a chance
to observe Mdssbauer absorption.

Cognizant to this background, we designed the 199Ag experiment to look for the small Mdssbauer
effect reported previously¥¢. A vibration—free closed—cycle refrigerator facility for continuous
operation in the T—range 12K<T<300K was used to mount a surface diffused ¥9Cd in a 0.50 mm
thick (111) grown Ag—single crystal to detect y—rays in the transverse geometry. An intrimsic
Ge—detector with 0.6 keV resolution at 88 keV was used to record pulse—height spectra. The source
temperature could be regulated in the T—range 15K<T<150K and stabilized on long term (week) to
£ 0.2K. Typically at a given temperature, 100 million counts were accumulated over a 5—day period
under each v~ and X-ray peaks, yielding a statistical error of about 0.02% for the X/v ratio. Our
use of the transverse geometry, i.e. the y—ray detection axis (k) normal to the long—axis (z) of the
cold—finger, significantly reduces {(by two orders of magnitude) changes in solid—angle due to thermal
contraction of the cold—finger, in relation to the longitudinal geometry (where k is parallel to z)
employed by previous workers3’4. Hoy and Taylor+ recognized that in these resonant self-absorption
measurements the ratio R of X— to y—ray integrated intemsity, com tes for a change in the
counting rate due to tbe parent 199Cd somrce decay (t,/; = 462 days), as well as for a change in
detector solid—angle due to thermal contraction of the cold—finger. The presence of the Mdssbauer
effect in Ag would then in principle result in an increased ratio R(T) a lower temperatures, because
of a reduction in the transmission of the y-rays due to resonant absorption.

To obtain the ratio R from the puise height spectra, we developed a procedure to subtract the
background under the y-ray photo peak and the X—ray peaks which would be insensitive to small
shifts (~ 150 eV) in the peak centroid. The result of this analysis gave the T—dependence of the ratio
R(T) which is displayed in fig. 1. The smooth line through the data points is a guide to the eye.
These results were obtained at ambient magnetic field, which was measured to be about 400 mGauss
at the source location in our laboratory.
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Two distinct regions in the R(T) variation can be discerncd from the plot of fig. 1 : in region I
15K < T<50K) R(T) is found to decrease with increasing temperature and at T>60K, to more or less
saturate in region II. The decrease in R(T) with T in region [ mimics the T-dependen:e¢ of th-
Debye—Wailer factor (f-factor) for the 88 keV y—ray in Ag—metal (0D = 225K). The R(T, vazation

in region [ thus has the right trend to suggest that it constitutes evidence for a rather small (0.09 =
0 022‘7?:) syt positive Mossbauer effect. At T > 60K the {~factor beccmes minuscule (less than 0.01)
and one does 0Ot expect any resonant self-absorption to contribute to the R(T) ratio in region I. In
this region thermal expansiont of the Ag—metal source matrix is primarily respousible for the linear
variation of R(T). The thermal expansion effect in region II for our case is determined by the
effective depth tc which the 109Cd activity is diffused in Ag—crystal. In these experiments we chose
to record pulse heiiht spectra from that side of the Ag crystal, on which 199Cd activity was surface

diffused, merely to keep the thermal expansion effect as small as possible.

We conclude with two final comments. The smallness of the Mdssbauer effect observed here
0.09(2)%, we believe, is in keeping with the conditions prevailing in our expenment. A careful
examination of the ratio R(T) in region I reveals that its increase at T = 15K is the result largely of
enhanced X—ray counting rate and not so much a decreased y—ray counting rate. This is precisely
what one would expect for a surface diffused source. The y—counting rate did not decrease because
for the y—rays that are emitted towards the detector, the thickness of silver is extremely small. For
the y—rays emitted in the backwards hemisphere, there is large thickness of Mdssbauer nuclei. A
aucleus that has absorbed an 88 keV photon will decay for about 90% by electron conversion
emitting an X—ray, producing the increase in X—ray intensity we have observed.

It is also clear that in an ambient field of 400 mGauss, the nuclear Zeeman splitting of the 03Ag
resonance is 2.22 10-tt eV, which is six—orders of magnitude larger than the natural width (1o = 1.15
10-t7 eV). A consequence of this circumstance is that only 27.58% of the resonant cross—section is
accessible for the present self-absorption experiments, which merely probes the v = 0 mm/s
component of the split source, split absorber hyperfine struc.ures. It is abundantly clear that by a
judicious choice of the design of this experiment, such as reduce the ambient magneric field, detect
conversion electrons rather than +y—rays, the size of the resonant self-absorption signal can be
significantly enhanced, if the Mdssbauer effect, that we claim to observe here, is real. This we are
carrently in the process of implementing.

iments on 128

We also want to test a concept of changing the relaxaticn time by adjusting a magnetic Seld.
The general concept is that relaxation is induced by small interactions, Hp, that are non—diagonal in
the =1genstate representation of the main hamiltonian H,. As long as tge energy gaps betweez all
eigenvalues of H, remain large compared to the non—diagonal matrix element < Hy >, the effect of
the perturbation is very smaﬁ. However from the study of level crossing and ant’—cossing of a two
level system, we know that the levels strongly mix, as soon as the two levels come closer than
< Hp > The effect of Hy then dominates the evolution of the two—level system.

We performed a series of experiments in which 2B is produced, polarized and recoil implanted

by a B (d,p) 3B reaction in an Al single crystal®. We measured the asymmetry of the f—decay as a
function of external field. We know that !B implants interstitiaily® (fig. 2) in Al
So '2B sees a surrounding that has a perfect cubic symmetry, while for its neighbouring Al quclei, the
cubic symmetry is broken by the presence of the 3B. Thus the Al nuclei feel an electric field
gradient that decreases with the distance from the 17B.

__As a consequence the quadrupole interaction of the Al in the different neighbouring sheils are
different and the coupling between these Al nuclei, which in a normal crystal is resonaat, is 80w 20
more resonant and thus these Al nuclei from different sheils are more or less mutually decoupled.
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interstitial 4B (filled drcle)
octahedrally coordinated to 3
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The polarization direction is perpendicular to the reaction plane and a magnetic field can be
applied in the same direction. in these experiments the Al s.c. is directed with a [001] axis in the
polarization and magnetic field axis. As visualized in fig. 2, the first shell consists of 6 Al nuclei
which split in two groups under influence of the magnetic field. For the two Al nuclei along the e{001
axis the magnetic field is parallel to the E.F.G.—axs, while for the four other omes the field is
perpendicular to the E.F.G.—axis. At well defined magnstic fields some hyperfine splitting gap on
UB can be equal to a gap in the neighbouring Al nucleus. Then the coupling is resonant and can be
observed by a resonant change of the 1B polarization. The resonant magnetic field will be different
for the two groups. Indeed as shown in fig. 3 two distinct resonant depolarizations are observed as a
function of the magnetic field.
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[n order to start the study of the process of polarization exchange between 3B and his Al nearest
ishbours, we started to measure the polarization as a function of time, in and out of resonance.
We d an enhancement of the relaxation of 13B as soon as it is resonantly coupled to its

;:?s::;ﬁg’:g Al nuclei (fig. 4). Further experiments are planned to fully understand these

phenomena.

Conglusion

the realization of a y—ray laser in which the long lived isomer is both the storage and lasing
levelr:‘c::vo concepts need to be demonstrated; the effect of homogeneous broadening on the coupling
3 the radiation field and the enhancement of relaxation under the influence of a 'resonant’ magnetic
feild. For both these concepts we have proof of feasibility from the present 9%Ag and UB
experiments. I[n a parallel theoretical effort, the basic ideas, underlying these phenomena, have been
cefined. These studies are very closely connected to previous studies on nuclear—level—mixing.
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MASSBAUER ABSORPTION ON ""Ag, FAKE OR REALITY?

R. COUSSEMENT, M. VAN DEN BERGCH, G. STHEEREN
Karholieke Universumi Leuven, J00! Heveriee, Beigium

and P. BOOLCHAND
University of Cincinnatt, Cincinnati, Ohio 45221-0030, U.S.A.

L Introduction

In WaAg the natural line width (v, % 10%eV) is about four orders of magnitude smaller
than the inhomogeneous width, unavoidabie in a solid state material (> 10-t2eV). Therefore
cue will expect that resonant absorption cannot be detected becanse each photon can interact
resonantly with only a very few nuclel in the absorber. However, for long~lived isomers, the

behavior of an emission and absorption process must be considered and one must
inclade the interaction of the nuciel with the lattice during that process.

2 Description of nuciens and paoton

fom such an interacting auciens will be frequency— and phase—moduiated and thus
information about the interaction of the emitting muciens with the lactics.

_ Por shurteriived auciei however the interaction with the radiation field is stronger znd the
emission or ibsorption process is much shorter so tiat the lattice has no chance to induce any
change duning that process. The emitted photon will pick up 2 momentary value of frequency
iad phase and in this case the iniormation about the flncruations, induced by the lattice, an
ba obtained oniy from observables on 3 large ensemble. So for short—iived isomers, each photon
& somewhat different in {requency and phase, leading to inhomogenecus hroadening,

In contrast when long—iived isomers are considered, the wave fanctions of each anclens and
of eaach emitted photon of the emsemble are ail identical They are however ant statiomary
fRates but coherent superpositions of ‘hem. We cn therefore introduce 2 fluctnation function
W the time domain, which is the Fourier transiorm of that superposition spectram.

We caan thus express the non—stationary wave function s

.rn‘/” -t
© WXL = qZ0) (t)e  ce O ¢Y
"B whi . ~Tat/y
‘h"hd!u.m the main energy of the (uctnsting state. The damping factore -
m:“g::uon with the coatinuum of the radiation Geid, while {{t) relects the interaction with
- Wecan describe the amplitude for 2 photon with detnning (w — o) emitted at time T a8

T .
. - 59 =
- Ar(u-uo) = -'t <t|Vii> f it) e & e (ot dt b)
v, ) . 9
I == <AIVi> o =P (o) (3

otk
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It means that at time T, the system has emitted 3 photon, which is .
photon states with different {requencies w, mmmmdm&q:;z,%' itlow of
is given by 7 (w~wb), which is the Fourier taasiorm of the fuctaation wd the damy
functions. S0 we can concinde that thephnwnhammnduhzduddmpedinmm

as the auclens from which it is emitted. wy

1. Absorption of photons in 2 seif—absorption geometry

Whnabupﬁmdn&apbnmhmﬁd:d,thephmﬂmytuamm‘"
ﬁmthcammngwmudintheupmoﬁhetmrpdmmpﬁmden'mh“m
fluctnation functions, one form the source and one from the absorber, Thaefucicu,m
g(t)udqt),mbemcuymemwhamudahwtbummmemwam
same lemperature and in the same other conditions. It is the case when seif. ion in
WeAg iz considered, However it is important to notice that the fluctuations ) ud‘(g)m
uot correlated.

We introduce it in the absorption amplitude
T .
. o =Tat =i{w —w )t
AT (0 ) = = <t V1i> f Qt)g(t)e e O° o 4
)

@

and using Parcivals theorem we obtain

AT(wger ) ==L <A1 V1> [ FT{wmg) 6T (wmet)” dus ' ®
[+

in which 73T (uy) 1md (2T (w—u') e the Fousier umplitudes of the Guctuations 2t the
absorber resp. the emitter.

Sach 3 convolution depends an the shapes and positions of the two spectra. However if we az
assume thas they have the ame shape, then at zero detuning {wemuy’), the convalution il 30
more depend on the shapes at least if the Fourier spectra are propetly normalized s

T .
{vf ) dt =1 * L f 17 (o)l dm 1, ®
] - ’

Undluvndidn‘ttpedfymmpcoﬂhfmmaduethmdw
of qt). We amume that the coupling of the lastice to the suciews is 3 weak cowpling in this
sense that the lattice changes very freguently a
am the nuciess. [n the obervation time scale, the famction {t) cas be regarded as 2 )
and smooth fmnction. We aiso assume that the auciear system is in equilibrinm with the lattice
10 that the fanction {t) is amumed (o (luctuate around amity and that the Fourier spectrum is
independent on the choice of time interval. Under thess assumptions the transition rate cm be
written simply as 2 function of the detuning between emitter and absorber :

9 - !'.1' o L]
2T (w,~) = F (<qivii>y’ 5:.;-;:—3‘.1. [ AT 3T () . m
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In the case of seif-ebsorption absorber and emitter dispiay the same Fourier spectrum and
the detunung is zera. Under these conditicns for optimal convolution, the absorption rate is not
only optimal, bug this optimal vaine is independent of the shape of the Fourier spectrum.

4
However in such a self—ibsorption experiment inhomogeneities /1/ can introduce seriouns
detaning for which the convoiution integral and consequentiy the absorption is smailer. When
the detuning distribution corresponding to the inbomogenecus distribution wouwid be large
wmpared to the homogeneous width, then the total absorption probability wouid decrease.
However, i{ the inhomogeneous width is much smailer than the width of the Fourier spectram,
then the inhomogeneties will almost 2ot affect the total absorption rate.

For ©SAg, we estimate the homogeneous width to be associated with the T; relaxation and
ot with the nuclear decay. Therefore in order to observe Mdssbaner absorption it will be
sufficient that the inhomogeneous broadening is smaller than 10-12%V, which is 2 much less
stringent condition than to be less than the natural width (10-47eV).

4. Experiments

We found therefore that the pasitive resnits, reportad in /2/ and /3/, couid be real. We
designed a seif-absorption experiment in which we avoid geometry changes which occur
the sample is cooled (0 He—temperature We used a cold finger, cooled by a closed cycle
xdﬁgumrmdndm&megmmnnmamm&thommﬁn@u
the direction of shriniding (fg. 1). Because of that geometry and because of the short leagth of
thwﬁﬁnge.mcpﬁm:hahuhnn&eddulmmﬁﬁnmmm@
induced by the cooling, than previous experiments. Furthermore we have the advantage that
we can measure in the fuil temperatare range from 10 K up to rom temperature, withoat
touching the system,

SrEQTEEgopy
1Al
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g
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1.1 §+

e 2 ) 158 )
TEPSATRE K}

fig. 2 X/gamma measurement as function of temperature.

Our preliminary resuits, indicate a small effect, which shows up at the dght te=peratures
(EEE 2). However before concluding, we waat to make some supplementary experiments, in
0 exciude every systematic smror. One of the most critical will be to redace the ambienz
maguetic fieid to such a level that the Zeeman splitting is smailer than the homogensons width,
htm;nmuhbusqhamigmbyaﬁaudabmtm However we don%t

B
g
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Non—redprocity of Gamma Emission and Absorption due to
Quantum Coherence at Nuclear Level-Crossings
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We show that presence of destructive interference due to quantum coherence at nuclear Zeeman
level—crossings precludes absorption but not emission of y-rays. The underlying principle can be
demonstrated in a MGdssbauer effect experiment and has broad conmsequences in the domain of

gamma-—optics.




The presence of quantum coherence effects at level—crossings either in an atomic, nuclear or
muon—spin related system offers possibilities of exploring new physical effects. In the atomic case,
for example, the non—reciprocity between emission and absorption of optical radiation at such
crossings has led to the concept of lasing without inversion!-, dark—line resonances* and more
recently to the recognition of an enhancement of the index of refractions. The corresponding nuclear
case has remained largely unexplored in this regard. In this Letter, we show for the first time that
the reciprocity between gamma emission and absorption, so well documented in Mdssbauer
spectroscopy experiments will cease to occur at Zeeman—level crossings due to quantum coherence
effects. In particular, for an excited nuclear state, the destructive interference between a pair of
Zeeman levels in a crossing condition will preclude absorption of y—rays although not their emission .
The underlying principle appears to be generic and has important consequences for gamma optics and
in particular for stimulated emission of 7—rays, as we shall comment later.

Each level—crossing experiment in practice entails a specific experimental scheme to produce a
coherent superposition of a pair of levels. In the atomic case, this is usually achieved for instance by
interaction of an atomic system with an electromagnetic field®?. In the nuclear case, an elegant and
controlled way? to achieve level—crossing of Zeeman levels can be achieved by a combined Electric
Field Gradient (EFG) from a non—cubic crystalline host and and external magnetic field producing a
field B at the nucleus. The arrangement is schematically illustrated in figure 1.

Let us consider a nucleus of spin I (I > 1/2) subjeét to a predominant electric quadrupole
interaction eQV/4I(2I-1) = MQ due to a static EFG from a crystal and a magnetic—dipole

interaction gunB = hwp due to a magnetic field B applied at a small angle § (< 10°) wrt the
symmetry axis of the EFG (V,;). For simplicity we assume the EFG tensor to be axially symmetric,
i.e. Vxx = Vyy. The lack of collinearity of the V,; component and the direction of B is critical and is
a point we shall return to later.

The hamiltonian describing the hyperfine interaction of the nuclear spin I with the EFG and
external magnetic field B, applied at an angle g wrt V; consists of three terms as follows :

W gl 2 Wy .
‘l=ﬁ-—(31,—l)-uscosﬁlz+2—smﬂ(1.+l_) (1)

The first two terms describe the axial symmetry preserving interaction ('l“) and lead to a
crossing of the Zeeman levels at specific magnetic field values B as illustrated in fig. 2. The third
term describes the axial symmetry breaking interaction 7., and leads to a mixing of the crossed
Zeeman levels which is controlled by the tilt angle 4. For small values of B, we can neglect the third
term in expression (1) to first order and obtain the level—crossings by requiring the eigenvalues of the
symmetric part of the hamiltonian to become degenerate for a pair of Zeeman levels (m,m’) :




Ea ~Ea’ =t w, [3(m?-m’ 2] - R, cosf(m-m’) =0 ‘ (2)
leading to the level—crossing condition :

w3=3(m+m')uQ/cosﬂ. (3)
as illustrated in the Breit—Rabi diagram of fig.2, drawn for the first excited state (I=3/2) of $7Fe as

an example.

At and near level—crossing fields, the symmetry breaking term in the hamiltonian although small
cannot be neglected because of the degeneracy of the two crossing levels (m,m’). This term then
strongly admixes the pure states |m> and |m’> and results in eigenfunctions and eigenvalues that
are easily calculated analytically.

The eigenfunctions, |1> and |2> are a coherent superposition of the pure |m> and [m’> states,

[1> = {]m>-R |m’>} (4)

1

[2> = {R |m> + |[m’>} (5)
in which the mixing factor R is a function of the ratio between the splitting of the unperturbed levels
Ea — Ea’ and the perturbation coupling between the crossing levels Wag* .

For a crossing of first order, Am = |m —m‘| = 1, this perturbation coupling is the non—diagonal
element of the perturbation hamiltonian :

W,
Waa’ = <m| L: [m’> = 5> sind < m|(I, + L)|m">. (6)

For crossings with Am > 1 one finds the perturbation coupling by Am—th order perturbation theory
as given in ref.9.

It is these matrix elements which are responsible for the mixing of the eigenstates and for the
repulsion between the energy levels because of the reduction in symmetry, due to the misalignment
between the EFG—axis and B. The energy difference between the mixed states |1> and |2> is now

|Et=Ea| «v (Ea - Ea’)? + (2 Wea')2. (7

As long as the energy difference between a pair of levels is much larger than the perturbation
coupling, |Ee = Ea’| >> |2 Waa’|, the mixing is negligible and pure states are found. The mixing
is total at the crossing points, Eq = E,* and R =1, independently of the strength of the perturbation




and the order of the crossing. In these points the emergy difference reaches a minimum valye
|[Ei = E2|ain = |2 Waa’|. This energy difference can be thought of as a Rabi splitting. It is
analogous to the frequency difference between two normal modes of a system of two coupled identical
oscillators.

Let us now consider a gamma absorption process between a ground state |u> and two excited
states |m> and |m‘>, for which the selection rules allow the tramsition between the ground state
and the pure state |m‘> but forbid the transition to the pure state |m> (fig.3). Near the
level—crossing field, the pure states are admixed to form the eigenstates | 1> and |2> as described by
equations (4) and (5). A photon of frequency w (fig.3) can be absorbed in two modes A and A,
corresponding to the absorption amplitude to state |1>, respectively state |2>. This is possible
because both the admixed states |1> and |2> contain the pure state |m’>, to which the selection
rules allow a transition provided the detunings (emergy differences) are not too large. If §; and 4,
represent the detunings between the inmitial state and the two final states |1> and [2>, the
absorption amplitudes are given by :

—i X 5t
Ay =-E<1|V|,;>J eldit gy (8a)
[0}
—i TO 5t |
Ay =Th< 2|V|,‘>j elfat g (8b)
o}

where V is the transition operator. In a Mdssbauer absorption experiment, the y—ray energy of the
emitter (M) relative to a stationary absorber, can be modulated by Doppler shift :

w=wo(l+3) 50 fi=lwe(1+3)=wl

b= lwo (1 +3)—ual. » (9)

Let us assume that the states |1> and |2> are radiatively broadened due to the interaction with
the vacuum fluctuations of the radiation field. Absorption to a decaying system -an be seen as a
process in which not only the transition from the groundstate to the excited state takes place, but
where also the excited state decays in a comtinuum of final states. In the case of decay by
re—emission of a y-ray, the continuum is due to all possible frequencies, directions and polarisations
of the re—emitted radiation. The fact that ome deals with an open system is usually taken into

account by adding a damping factor e Tat/2 5 the wave fanction ©.

One then obtains :




. +00 . .
Ay =:1’;<1|V‘#>J e Tat/2 bt g = ST v > 7(4) (10a)
0

. +00 . .
a=Tp<aVie [ TR g 2 T Vs (e (100)
o

This situation is very similar to what is described in ref.1, ref.2 and ref.3, for atomic systems.

The two transition amplitudes are coherent because we consider a proces with two quantum
paths both starting from an initial state | 4>, one passing through state | 1>, the other through state
[2> and both ending at the same levels |K> of the previous described continuum. Therefore, we
must add the amplitudes A, and A, as they are phase—locked to the same initial state (ground state
plus one photon) : _

A=A+ A (11)
Adding the amplitudes leads to interference terms in the transition probability. In most cases this
interference disappears, e.g. when states {1> and |2> are stationary states without finite line width
or when the energy difference between the levels is so large that the overlap can be neglected.
However in the case of mixed and repulsing levels, the separation can be tuned by choosing the
misalignment angle § in such a way that overlap of the line shapes is achieved. In this case
interferences play a crtical role.

Taking into account the mixed structure of the eigenfunctions and the selection rules, we obtain for
the partial amplitudes :

Ad) = T e V> Jz_imf(a,) (12)
Ad(e) = I o | Vi> ) | (13)
The total amplitude, as a function of the photon frequency w, can now be written as :
A(w) = T e vy Hé) = RS (14)
vV 1I+R?
leading to the absorption probability :
A1 = Fy < Vi | L= LA (15)

In equation (15) we see that near the level crossing field we have destructive interference and the
probability |A(w)|? begins to vanish. Specificaily, at the level—crossing, the mixing factor R =1




and then we get a complete destructive interference of the amplitudes A; and A; when 7(§;) = F(4,),
which occurs for the frequency w = (w; + w)/2. Away from the level—crossing field, one expects the
interference effect due to level—crossing to disappear. Thus, in effect, quantum coherence at Zeeman
level—crossings leads to a hole~burning in the absorption spectrum only around the crossing fieid.

In a Mossbauer emission experiment utilizing the same two levels |1> and [2> a totally
different situation prevails. Emission can occur from state |1> or from state |2> and there is no
coherent superposition since these states are fed from a parent state independently. So one can write
the total probability for emission as made up of the individual probabilities for each decay :

P(w) = pr |Aw)] " + pa [Axw)]’ (16)

where p; and p- represent the initial populations of states |1> and |2>. Assuming p; = p; = p we
chtain for the emission :

175" + R R (17)
1+ R2

P(w) = 2rp | <m|Vie> |

Equation (17) shows that no destructive interference can occur in the emission processes. We thus
conclude that gamma—emission will take place, even at those frequencies for which the absorption
vanishes.

We want to emphasize that this effect can only be observed if one can select the sablevel of the
ground state for which destructive interference takes place. Otherwise the constructive interference
term corresponding to the other sublevel will cancel the effect.

In this particular case of level mixing however, the upper levels are nearly degenerate while the
ground levels are fully split. This allows the destructive and constructive interferences to occur at
different y—energies or different modulation velocities in the MGssbauner spectrum.

In summary, we have shown that a non—reciprodty betweem y-ray absorption and emission

processes can occur at the nuclear level—crossing condition. The absence of absorption is intrinsically
due to a destructive interference between two absorption amplitudes. A specific design of a
controlled nuclear level—crossing experiment using combined EFG and external magnetic field is
proposed, which is amenable to a test using a M3ssbauer effect experiment. Indeed, demonstration of
such an effect will open several exciting possibilities, one of which includes the feasibility of switching
on and off y~absorption attenuation by merely applying an appropriate external magnetic fieid.
An application of this concept resides in y—ray lasers!t where the attenuation of absorption will
significantly ease the pumping and gain requirements for lasing to occur. One could pump the y—ray
laser in a normal mode and then move to a level—crossing condition to initiate lasing, thus providing
a trigger for the device.
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Fig.1

Fig.2

Fig.3

Magnetic field B applied at an angle § wrt the Jyﬁmetm azis of the EFG
provides a convenient way to produce nuclear level-mizings.

Breit - Rabi diagram for the ezcited state in 57Fe subject to a quadrupole
splitting of 1 mm/s and a colinear magnetic field B.
Note the Am = 2 and Am = 1 Zeemzn level crossing at 7.45 T and 14.9 T.

Mizing of the pure Zeeman—levels |m> and | m’ > lecds to the mized states
| 1> and | 2> which are repulsed by an energy h(§, + §,) at the crossing field
where S # 0.
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QUANTUM INTERFERENCES IN NUCLEAR DECAY
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Abstract : At nuclear level mixing condition, interferences between different {ransition
amplitudes can occur. In a narrow frequency range, absorption can be
hindered while not the emission. This feature offers interesting applications

on the design of 3 graser and of 3 resonant scatterer for v — rays.

Radiation physics using atomic systems is actually in rapid growth and continues to
offer new surprising results. As most of the new effects explore the coherence of a laser
beam, it is generally not applicable to nuclear systems. However a few of the ideas can be
translated to nuclear radiation. We will show that nuclear systems offer some advantages
compared to the atomic ones [1~7] because of the possibility of controiled nuclear level
mixing phenomena. |

[8'9]. Applying

Nuclear level mixing has been studied extensively in earlier papers
a magnetic field directed along the EFG axis of a quadrupole splitted nuclear system, will
lift the am degeneracy and some pairs of levels will ross for UB/UQ =3, 6,9 . (fig. 1).
When the magnetic field is slightly misaligned with respect to the EFG — axis the axial
symmetry is slightly broken and the |m> states are no longer eigenstates of the system.

The hamiltonian can be written as :




B =202 = 1%) - coni T, + w sing (Lt L3,
with the first term the quadrupole interaction hamiltonian, the second the Zeeman
interaciion due to the large component of the magnetic field along the EFG axis and the
third term the Zeeman interaction due to the component perpendicular to it. The last
term is the symmetry breaking ome and its effect is to mix the |m> — states. As the
misalignment 4 is small, this mixing can be neglected except for two m — levels at and near
the crossing fields. Near this crossing fields, the eigenfunctions can be calculated in a
two—level approximation; they are coherent superpositions of the wave functions of the

two crossing levels m and m’ :

1

|1>=—-—1—-—[]m>—R|m’>] and |2> = (R |m> + |m>]

1+R 1+R
R is the mixing factor and at crossing fields one has always R = 1. Thus at the crossing

field we obtain two wave functions, one being called the anti—phase, the other the in—phase
superposition, similar to the system of coupled oscllators :

[1> = ——[ |m> - |m'> ] and 12>=—;-§[ lm> + [m’> ].

The levels | 1> and |2> repel and the distance between them is given as :

|E, ~Eo =/ (Ey - Eg)* +2 W__,
in which E_ and E_, are the eigenenergies of the Hamiltonian without the third term and
w mm’ is the matrix element of the third term. So we see that the minimum distance
between level 1> and level |2> is obtained at the crossing field where E = E, and
equals 2 W am” As that matrix element is dependent on J by the factor sinf, one can-
easily control the level distance by adjusting the misalignment angle. Thus in a nuclear
system it is rather easy to produce two close — lying levels of the in—phase and anti~phase
type and to adjust their level spacing so that the two levels overlap by the radiative or
lifetime broadening.

Let us now consider 3 gamma absorption between a ground state |u> and the




system of two mixed levels [1> and |2> (fig. 2). In a Mdssbauer set—up, the frequency of
the gamma—ray can be doppler tuned : w = wy (1 + g-). There is a frequency range, for
which both the transition ampiitude to state |1> and the tranmsition amplitude to state
|2> are contributing to the absorption. As both transitions are locked in phase to the
same initial state (ground state + one photon), they can interfere. The total absorption
amplitude is then given by :
Alw) = A(w) + Ay(w)  and  P(u) = |A(y)
The transition amplitudes to level [1> and 2> are given as :

. [+ ] [
Afw) = 1'7‘{ <i|V|p> j; e TH/2 Gidit dt,

in which §; is the detuning to the first, respectively second level :
Gi=lun(l+-w|=|u—w| and &=|u(l+3)-w|=|w=—uw
The amplitudes are thus proportional to the Lorentzian amplitudes :

F(6) = ?J]TlTI'TZ and  F(6) = 3'1—1%1'77
The interference AIA‘Z + cc will contribute only if the distance between level | 1> and level
|2> is of the order of the line width I'. We can calculate the amplitudes A,(w) and “‘2(“’)
as :

i v/-'.;; R L
Al(u) =—E-— [<m‘IV|p> ——F(61)—<m|V|p>—-——F(a'l)]
1+R v 1+R

Agw) = (- <a|V]w> = F(f) - <m| V]w> —2=F(&) |
1+R 1+R ‘
The transition matrix element contains a pure anuclear matrix element and a radiation-

amplitude. This last one depends on the polarization « of the photon and its direction 4
with respect to the EFG - axis, chosen as the Z—axis. Furthermore we can apply the
Wigner—Eckart theorem to the nuclear matrix element :
1 1
<m|Vip> = Edm_“d(d) Cm“ <IdViiLi>,

with Cm“ the Clebsch~Gordon coefficient <I; 4, | m—u| Ir m>. The resultant amplitude is




now given as :

Alw) = l-x‘/—?‘l <IdiV|[Ii> [C

1
1
~Cy by o0 _¢1_+H’{ F(6) + R F(&) } ].

We see clearly that when the selection rules allow the absorption from |z> to |m’> but
not from |g> to {m>, one obtains destructive interference while in the opposite case
constructive interference occurs. One can easily deduce that at the level crossing field,
where R = 1, the amplitude from |4> to |m’> can be completely hindered for the
frequency w = —w'%'—ﬁ"l at which F(4y) = F(é;). If furthermore the transition to |m> is
forbidden by the selection rules, the absorption is completely hindered at that frequency.
On the other hand, the emission from such a pair of incoherently populated levels |1> and
|2> will not show interference, because of the random relative phase between the levels
[1> and |2>.

There are two methods to demonstrate these interferences. The most direct one is
to observe the decrease or increase of a Massbauer absorption line when the magnetic field
is turned on to a crossing field. In fig 1 we display the Rabi diagram of the spin 3/2 case in
5“'Fe. At the first crossing field the tramsition 4 = +1/2 to m = -3/2 is Am—forbidden,
while the 4 = +1/2 to m’ = +1/2 is aillowed. In this situation, complete destruction of the
4= +1/2 -« m = +1/2 transition amplitude can be observed at the cfossing feld.

A second, but less direct test follows fromr the fact that it is possible to repeat the
same argumentation for 7y — ray emission from a sublevel |x> to a pair of mixed levels. .
The emission amplitudes are both phase locked to the same initial state and therefore
coherent emission is achieved. As a comsequence the transition probability to the pair of
mixed leveis can be enhanced or hindered. Considering the partial transition probability
from the sublevel |u> to all final levels |m¢>, |m> and |m’>, the result is a decrease or
inczease in the partial lifetime. In order to formalize it, the partial transition probability

from sublevel |u> is separated in a part containing the transition probabilities to




non—mixed |m¢> levels and another part to expressing the transition probability to the
pair of mixed levels [1> and [2>:
P (wd) = |<lvite>)?

’ 2 1 2 2
2 1C gl 12 dg (01 1F ()1
m¢ mes” o m(‘-‘AU( mg¢

+1Cy 1 lgd;_ww)l’&m |F(d) - R F(6)2

2 .1 2 1 2
#1Cq 1" 13 4, (01 i IR F(8) + F(&)
+C_,Co. 8 dl_ (9 d;,_wf(o)

m,u m'u 7, m-—u,

i [F(8) = R F(&)] (R F(8) + F(&)] -
The helicity o(¢') is +1 or =1 for y—rays. When considering the partial lifetime, the
direction of propagation is random and we must integrate over the angle §. Consequently

the last term will disappear because of the orthogonality relation :

S A (B (B snddg= G5,
We must also integrate over all frequencies w, which results in an integration over the
detunings 4§ ¢ 4y and d2. As the line shapes are normalized such that f [F(8,)] 2 qu = L
we get for the partial probability :
P= I<HVIt> 1P (L4 (1Cy 1 = 1c 17) i | F(5) B(&) du)

We can concinde that the partial lifetime of a single initial substate 4 can be increased or
decreased according to the relative norm of the CIebsch-Gordc;;x coefficents. When
transition |u> - [m> is forbidden, the lifetime is increased, while it is decreased if the

other traasition is forbidden. We can thus conclude that there are two ways to show-

interference in nuclear decay.

There are a few important applications. As has been shown, it is possible that the
absorption amplitude is compietely hindered, while the emission is not. As a consequence,

the condition for population inversion is not required for lasing at these particular




frequencies where overiap of shapes can be achieved and at particular magnetic field values
where level mixing occurs. These features are extremely interesting for the proposal of the
following scenario for a graser. At a first time, the system can be pumped when the
magnetic field is out of the critical condition. After pumping, when lasing must be
achieved, the field can be changed to its critical level—rossing value. The bandwidth of
the graser will be limited to the frequency zone for which overlapping of shapes is achieved
and this width will thus be nearly the natural line width.

Another important application is the use of resonant scattering on a material that
has no absorption in the previously described frequency range, so that the reflectivity is
high. Indeed under previous conditions for a completely hindered absorption, the resonant
scattering is not affected. It can be shown in the following way. The scattering amplitude
S(w) is due to a contribution to level | 1> and to level 2> :

Vil> <1{VTim> L <milV]2> <2V imp>
31— 1073 37 — 1072 '
At the conditions for a hindered absorption rate, one gets

2 2
S(w) = 57 | <@ Vim>, g | gyl 2 JECR "’F}2. !

tRYG + (T/2) 85 + (T/2)

S(w) = <2l

At the crossing fields it gives

2
°s 9
S{w) = g7l <@mivimi>,_g | 2 .IF i) o
L +(r/2)
Introducing Mdéssbauer cross—sections for 7TFe one can estimate that total reflection is
possible for angles smaller than 0.3 degrees. For such small angle scattering good

reflectivity requires low absorption. This requirement is only achieved for the narrow.

frequency band as described above.

This work was supported by Strategic Defense Initiative Organization / Innovative Science

and Technology and managed by U.S. Office of Naval Research grant N00014—88—K—2035.
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Breit — Rabi diagram for the excited state in $7Fe subject to a quadrupole
splitting of | mm/s and a collinear magnetic field B.

Note the Am = 2 and Am = | Zeeman level crossing at 7.45 T and 14.9 T.

~

For 4 # 0, mixing of the pure Zeeman—levels [m> and |m’ > leads to the
mixed states |1> and |2> which are repulsed by an energy N4, + §7) at

the crossing feld.
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NGCLEAR LEVEL MIXING ASSISTED RELAXATION HOMOGENEQUS BROADENING AND
GAMMA RAY LASERS.

R. Coussement, M. Van Den G. S'heeren, G. Neyens, R. Nozuwen
Katholieke Universiteit Leaven,
3001 Heverlee, Beigium.

P. Booichand
University of Cincinnati,
Cincinnati, Ohio 45221-0030.

Abstract — In this paper we show that, taking into account the temporal behavior of the emission
and absorption process, resonant absorption must be possible, even for very long lived isomeric
states. Secondly we claim that, due to spedial quantum effects, it is possible to create such
conditions that absorption of 4—rays can be strongly attenuated and even forbidden, while emission
remains unchanged. These two features both relax the severe problems of pumping and gain

requirements for y—rays lasing to occur.

Igtroduction

In order to achieve 2 reafistic concept of a zamma ray laser different fundamental problems must
be soived. The problem of the pumping and level inversion is cextainly a severe cme for auclear
levels. In this paper we will consider two particular features that can be of citical importaace for
a—ray lasing. We first point cut that MGssbauer absorption must be possible even for very long Lived
isomeric states, allowing the use of these levels as storage and lasing levels, provided a triggedng
mechanism is built—n. Secondly we report om a study in which it is shown that under very
particalar magnetic field conditions, we can strongly attenuate and even annihilate the absorption
while the emission probability remains unchanged. Such phenomena allow us to relax the pumping
conditions as inversion is no more required. Moreover as the magnetic Seld conditions are very stuc:
maﬂychaﬁ&nhnmmadatﬁggdngsnmummutmaemma.ndlas:‘ng
peziods by simply adjusting the magnetic field.

For long lived isomeric states, cne must consider the temporal behavior of the emission and
absorption process and include the interaction of the nuclel with the lastice during that process,
which is a much stronger interaction than the imteraction with the radiation field. Dumng the
emission or absorption process the lattice can induce frequent modifications in frequency and phase.
Therefore a photon, emitted from such an interacting auclens will be frequency— and
phase~modulated and thus contains information about the interaction of the emitting aucleus with
the lattice. We assume thus that the auciear wave functions can be expressed as the product of an
e wave function and 2 fluctuation fanction {t), which reflects the interaction with the

ce:

¥E) = HZ0) (1) € TH/2 et (1

We include a2 damping factor e‘r“/ 2 tor the the interaction with the contimmum of the radiation
field, while w, is the main energy of the fluctuatiag state. _
The amplitude for transition between initial state |i> and final state |f> (witk V the transition
operatar) for aa emitted photon with detuzing (w — wa), decomes :




. T '
Alw — wo) = — ”[ L[ Vii>, r‘r {t) e Tat/2 ji(w—wolt 4, @
or using the Fourier transform

T .
1 r j(t) e-Fnt/2 el(w—dq)t dt (3)
J 2x ‘=T

we gee that the amplitude is given by the Fourier spectrum of the damping and the fluctuaticn
fanction :

A(w = wo) 3@«]”»1;:0 TT(w-wo). (4)

We conclude that the amplitude is distributed over a range of detuning that is related to the
frequency distribution width of the fluctuations, given by F(w—wq), instead of to the natural width ;
one says that the system is homogeneously broadened by the interaction with the lattice.

fT(QI e Uo) =

We consider now the absorption of a photon on a system of nuclei subjected to fluctuations from
the lattice. The photon will carry the fluctuations from the emitting source and will be modulated
and damped in the same way as the nucleus from which it is emitted, so in the expression of the
absorption amplitude we will have two uncorrelated fluctuation functions «t) and ft), one fom the
source and one from the absorber :

. T N : .
Alwr—uy’) = =L <t V]i> rr [)g(t) e Tat gl )t 44 (5)
and using Parcivals theorem we obtain
Alws ~we’) = _-11-21 <f|V]i> Jco fT(u—uo) QT(w-wo’)’ dw. (8)
)

The amplitude is 2 convolation of the source and the absorber frequency specira. Such a comvoiution
depends on the shapes and positions of the two spectra. If the nuclear system is in equilibdum with
the lattice, the fanction ft) and ¢(t) can be assumed to fluctuate around wnity and the Fourier
spectra to be independent on the choice of time interval T. We farther assume that the fluctaation
functions can be regarded as continuous and smooth functions during the observation time. Under
these assumptions the transition rate can be writtem as a function of the detuning between emiter
.and absorber : -

‘zruT ]
RT(wm')r-,%:rdlw»n”—‘—;-n—éj‘: 7T (i) 6T (wme”)” ™

When source and absorber are in the same material, at the same temperature and in the same other

conditions, H{w) and G(w) will have the saz:e shape and homogeneous width. In that case if the
Ing is zere \wemwo’), the convolution and also the absorption rate will reach their optimal

value which is independent of the shapes, at least if the Fourier spectta are properly normalized as

T
'Ho 1)) dt =1 or %%;J‘j |7 (o)l dwm 1. L)




However one still has to deal with the problem of the inhomogeneous detuning, what leads to 2
spreading out of the resonant absorption at the expemse of the size of the effect at the cemtral
frequency. The occurrenre of inhomogeneities in a salid cannot be avcided *o a certain limit ; typical
vrlues of inhomogeneous line broadening in the best crystals amount to 10-2eV or more. For long
lived states the natural line width is at least several orders of magnitude smaller than the
inhomogeneous one, so one could believe that in this case observation of resomant absorption is
impossible. But in the presence of homogeneous Line broadening, as described above, one is able to
overwhelm these solid state effects (which contrdbute to inhomogeneous broadening) and restore the
resonant absorption if the homogeneous line width, and not the natural line width, is larger than the

inhomogeneous detuning.

For example in the long lived isomer ¥9Ag (T, = 10-1%¢V), we estimate the homogeneous width
to be associated with the T; relaxation (10-%eV) and not with the muclear decay, so in order to
observe Mdssbauer self-absorption it will be sufficent that the inhomogeneons broadening is smaller
than the homogeneous width, which is a much less stringent condition than to be less than the
natural width. So Mdssbauer absorption cam occur even for very long lived isomeric states, opening
the possibility to use the isomeric level as the storage and lasing level, by influencing the relaxation
timet.
Another problem in the concept of a y—rays laser, namely the requirement of population
inversion, can be strongly reiaxed by the feasibility of switching off the y—absorption, while the
emigsion .remains uacha , due to a quantum interference effect, that can be achieved by nuclear
level mixing of hyperfine levels.

2.Non—t gprodity of » emission and absorption

The preseuce of quantum coherence effects at level mixings offers possibilities of explodng new
physical effects. In atomic physics level mixing or anti—crossing is known since the buginmng of
quantum mechanics and, for example, *he non—reciprocity between emission and absorption of
optical radiation at such mixings has led io iasing without inversion3, dark-line resonances? and
more recently to the recognition of an emhancement of the index of refractiont. Also in muom spin
physics the level mixing phenomena are introduced.

Consider a gamma absorption process between a ground state |s> and two excited states |m>
and {m‘> , for which the selection rules allow the transition between the ground state and the level
|m*> but forbid the transition ‘o |m> (fig.1). Let us now assume that we are in a specific level
mixing condition so the eigemstates are the mixed states |1> and |2> , wkich are a coherent
superposition of the pure |m> and |m-‘ > states, with mixin, fac..: R

11> = 1,-1- {la>-R |m'>} and |2> = ;a{nlm)”m')}' (9)

Fig.. Mizing of the pure levels |m> and [ m’ > leads
to the mized states | 1> md}j2> ohich are
repulsed by an energy N(&; + &).




A photon of frequency w (fig.l) can be absorbed in two modes A, and Az These modes
correspond to the absorption amplitude to the state |1>, respectively to the state {2>. This is
perfectly possible because both the states {1> as weil as |2> contain a component [m‘> to which
the selection rules allow 3 transition provided the detunings (emergy differences) are not too large.
The two amplitades are coherent as their phases are locked to0 the same initial state (ground state
plus single photon), so one must add the two partial amplitudes in order to find the total one :

A=A+ Al . (10)

Let us further assume that the two nuclear isomeric wave functions are equally homogenecusiy
broadened, either from the nuclear decay or from fluctuations induced by the lattice. We must then

include 3 damping factor for the decay e"P“/2 and for very long lived states a fluctuation function
f¢t) that will simuiate the interventions from the lattice as in equations (2—4). One then becomes :

A =< Lvie J:: f)eTat{2 iyt . (11)
= T < Vi 75y (12)

in which §; and §; are the detuning between the initial state and the two stationary states [1> and
12>. These detunings can be cha.nied if the frequency of the photon is variable. In the case of a
MGssbauer absorption experiment, the y—ray frequency w can be modulated by the relative velocty
between the source and the absorber :

w=w (l+2),50 fi=]u(l+3)—wl and fo=fwo(l+T)—wl. (13)

in which wy, wy are Eq/K, resp. Eo/h
Taking into account the mixed structure of the eigenfunctions and the selection rules, we obtain for
the partial amplitudes :

A8) = T < Vo B 7a) (143)
Adlt) = T ca Vi L7 (14b)

-

The total amplitude, as function of the frequency of the photon w as single parameter can now be
writien as :

iy 2 . Hé) - R A& , , _
Alw) = :T_x <m’|Vip> == 15
' Jy 1+R7 (13)
and the probability becomes

3|F6) — B A3 (16)
1 + R?

2

|AG)|” = Ly | <m [ V]> |

Looking $0 equation (16) we see that near the level crossing we have a destructive interference of the
two amplitudes and at certain frequencies w the amplitude can even vanish as

Héy = Fo) (17)
T




At exact crossing, the mixing factor R = 1 and then we get a complete destructive interference of the
amplitudes A, aad Az whea F§) = F(42), which occurs for the frequency w = (wy + wa)/2. This is
simulated in fig.2.
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In a M3ssbauer emission experiment a totally different situation prevails. Emission can occur
from state |1> or from state |2> and there is no coherent superposition since these states are fed
from a parent state independently. So one can write the total probability for emission as made up of

the individual probabilities for each decay

P(w) = p1 | Adw)|" + p2 |Adw)| (18)

in which py and p; are the imitial populations of states |1> and |{2>. Assuming them equal we
obtain for the emission

2 76))° + R IRa)’ (19)
1 + R?

P(o) = 35 | < [Viw> |

In this expression there is 30 destructive interference and thus gamma—emission will take place, even
at those frequencies for which the absorption vanishes (fig.2). -

The level mixing or coherent
superposition of pure states in nuclear
systems can be achieved in an elegant
and controlled way by using. a
combination of an Electric Field
Gradient and an external magnetic
z field, with a smail misalignment.
> This arrangement is schematically
illustrated i fig.3. We ssume the
EFG tensor to be axially syrumetric
(Vzx = Vyy). The misslignment of
the magnetic field B with respect to
the symmetry axis of the EFG (Vi)
}::er critical point as will become clear

Fig.3 Mcgnetic fleld B applied ot an
angle § wrt the symmetry azis of
the EFG.



The hamiltomian describing the hyperfine interaction of the xindea.r spin I (I>1/2) with a static

EFG from a crystal and an external magnetic field B, applied at 3 small angle § (6<10°) wrt the
EFG--symmetry axis consists of an electric quadrupole and 3 magnetic dipole interaction term :

WQ 3 MB .
1= (@ ~1) —w, cosf L + 3= sind (I, + L) (20)
in which wy = e V_l is the fundamental quadrupole frequency (21)
and wy = -5-{&11 is the Zeeman frequency. (22)

The first two terms of the hamiltonian, namely the quadrupole and the "parallel Zeeman"
hamiltonian, have axial symmetry. The third term, the "perpendicular Zeeman" hamiitonian is the
symmetry breaking part. For small misalignment we can, at least in first order, neglect the last term
in expression (20) and find the eigenenergies of the axially symmetzic part :

Ea =1 oA [3m? — K(I+1)] — A w, cosf m. (23)

One can see that for certain values of the magnetic field some pairs of levels get the same energy,
as illustrated in the Breit—Rabi diagram of fig.4, drawn for the first exc:ted state (I=3/2) of 57Fe as
an example. We obtain these level crossings when the eigenvalues for a pair of Zeeman levels (m,m’)
become degenerate, i.e.,

Ea — Ex’ =TuuQ 3(m?—m’?)] -\ w, cosd (m-m’)=0 (24)
leading to the level crossing condition
u3=3(m+m')wq/cosﬂ. (25)
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In practice, as we can change the applied magnetic field, we can adjust «8 to a value where the
two levels cross. These values of the magretic fleld, called level crossing points, are equidistant and
the distance between two neighbouring points is equal to the value of the fizst level crossing poins.
At and near such crossing fields, the symmetry brea.kilx:gtemin the hamiltonian cannot be neglected
and plays a2 most important role ; its effect will be to lift the degeneracy and mix each pair (m,m’) of
crossing levels. The coinciding energy levels repel each other and the corresponding eigenfuncticns
are strongly mixed. Eigenenergies azd eigenfunctions can be calculated analytically for each pair by
perturbation theory, using a two level approximation. One becomes eigenfunctions as in eq.ﬁQ) in
which the mixing factor R is a function of the ratio between the splitting of the unperturbed levels
Ew — Eq’ and the perturbation coupling between the crossing levels Weg* :

R Bl [ b

For a crossing of Frst order, Am = |m - m’| = ], this perturbation coupling is the zon—diagonal
element of the perturbation hamiltonian :

(26)

.
Was’ = < m| ‘l:.]m'>=-2—B-sinﬂ<m]I.+I_]m’>. (27)

For crossings with Am > 1 one finds the perturbation coupling by Am—th order perturbation theory
as:
Az
am = A Py .
igl(E- - Ea-i)

It is these matrix elements which are responsible for the repulsion between the energy levels and for

the mixing of the eigenstates because of the reduction in symmetry, due to the misalignment J
between the EFG—axis and B. The energy difference between the mixed states | 1> and |2> is now

|Ey=Ea| +v (Fa - Ea’)? + (2 Waa')2. (29)

As long as the energy difference between a pair of levels is muci larger than the perturbation
coupling, |Eq — Ea’| >> |2 Waa'|, the mixing is neggzlemd pure states are found. The mixing
is total at the crossing points, Ey = E4‘ and R =1, in dently of the strength of the perturbation
and the order of the crossing. In these points the cnergy difference reaches a mimmum vaize
|Bi— Eqlaim = |2 Wea'|. is energy difference can be thought of as a Rabi splitting. It is

to the frequency difference between two normal modes of = system of two courled and
identical oscillators. In the scheme for $7Fe in fig.4 thern arc two c:omg,mcne corresponding to
Am = 1 and one to Am = 2. In general the mnimum repulsion energy di ce is proportional to
(sing)4=. So the misalgnment angle J can be changed until .he energy separation is comparable with
the homogeneous width. For higher order mixings the energy differences between mixed ievels are
always smaller than for lower order mixings, but much more semsitive to 4.

So by tuning a magnetic field, in presence of an EFG with a small misalignmens, one can achieve
a condition where the mixing of two levels is total. At this level czossing field we have complete
absence of absorption for the y—frequency w = (wy + wq)/2. Away from the level ossing field one
expects the interference effect due to level crossing to disappear. Thus quantum coherence at
Zeeman level crossings leads to destructive interference in the absorption process, while there is no
destructive interference in emission process.




Conciusion

For long lived isomers the condition for Mdssbauer effect is not that the patural line width, but
the line width must be larger than the inhomogenecus detuning distribution. This
opeusthepossihilitytonseth«levdsas“omgemdaslasinglevd:. _

In well controlled conditions of level mixing one can achieve non—reciprocity between absorption
and emission. Sach conditions are easily kept under control in the described nuciear level mixing and
therefore such system offers 2 unique opportunity to test such ideas of interference attemuation of
absorption. Furthermore as we can create or destroy the required conditions only by adjusting the
appﬁedngcﬁdd,nhanreﬂindamgneﬁctﬁgufotthemaﬁzememm Sach 3
triggeri could be attractive to include in the design of 3 gamma ray laser. One couid indeed

rm the pumping when not being in the level mixing condition and move in the proper condition
when lasing is required.
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The following two reprints bear on preparation and characterization

of high-l’c superconducting thin-films used in 109Ag experiments.
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Transport, structural, and magnetic properties of c-axis-oriented Y,Ba,Cu;0,_; thin films
grown by off-axis in situ rf sputtering on MgO substrates have been investigated. By varying the
substrate surface preparation prior to deposition, films could be grown with systematic
improvements in their dc transport and structural properties. At the same time, these films
dispiay a systematic decrease in the irreversible magnetization AM(H) at all temperatures.
Transport and inductive critical current densities in all cases displayed a temperature
dependence that could be ascribed to flux creep and/or intragrain Josephson junctions. The
irreversible magnetization for the films showed sample size dependence consistent with that of
the Bean critical-state model. An anticorrelation between the transport and the magnetization
critical current densities in the films was observed, which can be understood in terms of changes
in the density of pinning sites as a function of substrate preparation.

I. INTRODUCTION

In the last few years, critical current densities (J,’s) in
high- T superconductors have evoked both basic and tech-
nological interest. Many studies have focused on the role of
microstructure in controlling flux pinning and thus the
critical current densities of high-T, superconducting sam-
ples. Numerous methods have been used to change the
~icrostructure of the material and study the resulting
<uanges in J. Some of these methods include grain textur-
ing,'> noble-metal addition,* shock compaction,® atomic
substitution,*? and neutron,’ p\'oton,lo and heavy-ion irra-
diation.'" Such studies have addressed the issue of pinning
mechanisms in the cuprate superconductors. However,
high-quality samples are needed to investigate the intnnsic
properties of these matenals. Single crystals'z and, more
recently, oriented thin films'*'® have served as ideal ma-
terials for studying the intrinsic properties of the oxide
superconductors. In the case of thin-film and single-crystal
samples, it has been widely reported that defects cither
intrinsic (such as twin boundaries'™"?) or induced (by
irradiation®'') can act as active pinning centers, thus en-
hancing the J.'s in the samples. However, most of these
studies on thin films or single crystals report J. enhance-
ments exclusively from magnetization measurements
(henceforth labeled J/.,) without comparing these to
transport critical current densities (henceforth labelled
J..) on the same samples. Recently, Moeckley et al® re-
ported on the effect of substrate preparation prior to dep-
osition of laser-ablated Y;Ba,Cu;0,_; thin films. They
found that the defect density in the resulting film can be
significantly reduced by thermal annealing of the substrate
prior to deposition. The resulting films display superior
transport and structural properties to those grown on
unannealed substrates. However, no magnetization results
were reported for these films.

“"Department of Matenals Science and Engineering, University of
Cincinnan, Cincinnati, Ohio 45221,
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In this work, we have investigated both magnetization
and  transport  properties of  sputter-deposited
Y,Ba;Cu;0;_; thin films as a function of substrate prepa-
ration. We observe for the first time an anticorrelation be-
tween the magnetization J, , and transport J_, critical cur-
rent density as a function of substrate preparation. We
explain this result in terms of a systematic reduction in the
defect density of the films.

it. EXPERIMENT

A. Sputtering system and thin-fim preparation
conditions

The Y]B32CII307_6 (YBCO) thin films used in this
study were deposited by an off-axis magnetron sputtering
technique similar to that of Eom er al.?' The stoichiometric
Y Ba;Cu;0,_; targets used were either fabricated in house
or supplied by Superconductive Components. The RF
magnetron sputtering gun (US Gun) housed in a stainless-
steel bell jar was typically evacuated to a base pressure of
~ 1 X 10~7 Torr using a cryopump. All films were depos-
ited onto (100) MgO single-crystal substrates which were
heated during deposition using a Conductus high-
temperature substrate heater.

The typical sputtering conditions used for growth of
these films included a RF power of 60 W, a substrate block
temperature of ~730 °C, a substrate-to-target distance of
4.5 cm, a dc bias of ~ —80 V on the target with a total
sputtering pressure (argon plus oxygen) of 200 mTorr
with a molecular oxygen pressure of 20 mTorr. The argon
and oxygen gases were introduce separately and localized
at the target and substrate, respectively, using stainless-
steel injection rings. Since the measured pressure is that
inside the bell jar as a whole, the local argon pressure at the
target and oxygen pressure at the substrate can be higher
than the values quoted. It has been demonstrated that the
use of injection rings to localize oxygen near the substrate
can result in the growth of higher-quality films due to the
reduction of negative-ion resputtering 2
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These growth conditions gave us a deposition rate of
~330%30 A/h as measured with a surface profilometer
over 50-um-wide patterned lines. After each deposition,
the sputtering chamber was evacuated and oxygen intro-
duced. The substrate temperature was then reduced to
room temperature over a period of ~3 h. The samples
were then removed from the chamber and analyzed with-
out any postannealing.

B. Substrate preparation

All substrates used were (100) MgO single crystals
chemically polished to a smooth surface. However, in or-
der to grow films with varying superconducting properties,
different groups of substrates received different prepara-
tions prior 10 thin-film deposition. The first group of MgO
substrates were simply degreased and clamped directly to
the Hastalloy heater block. We will henceforth label films
grown on these substrates as case a films. The second group
of MgO substrates were degreased and clamped to the
Hastalloy heater block with a 10 um silver film backing to
enhance thermal contact. Films grown on these substrates
will be henceforth labelled as case b films. A third group of
substrates were annealed in air at ~1100°C for 12-24 h
prior to degreasing and clamping to the heater block with
a 10 um silver film backing for thermal contact. Films
grown on these substrates will henceforth be labelled as
case ¢ films. The high-temperature annealing of the MgO
substrate has been shown by Norton, Summerfelt, and
Carter™® to produce a high density of atomic steps on the
surface of the substrate that helps to better nucleate growth
of the YBCO film.

In each of the three cases of substrate preparation de-
scribed above, the YBCO thin films were grown using iden-
tical growth conditions to a thickness of 3600—4600 A.
Therefore, the principal variable in processing is the sub-
strate preparation prior to the growth of the YBCO thin
film.

C. Measurements and thin-film patteming

X-ray-diffraction (XRD), magnetization, and resistiv-
ity measurements were systematically performed for each
of the three groups of films to establish their structural and
superconducting properties. Scanning electron microscopy
(SEM) was also used to investigate the surface morphol-
ogy and granularity of the films. Temperature-dependent
magnetization M(T) measurements in the range 14 K
< T < T, were performed on thin films typically 5x 10
mm? in size in an applied field (0-1 T) perpendicular to
the film plane using an EG&G PAR model 4500 vibrating
sample magnetometer (VSM) coupled to a He closed-cycle
refrigerator system from APD Cryogenics. These thin-film
samples were then patterned into 50-um-wide lines (Hail
bars) for dc transport measurements so that a direct com-
parison of the magnetization and transport properties
could be made on the same film.

The Hal! bars were patterned using a positive S-1400-
31 photoresist with dijute phosphoric acid as the etchant.
Due to the adverse reaction of solvents and especially wa-
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ter with the YBCO material, a dry etch process using an
oxygen plasma was employed to remove the entire resist
from the patterned film. The use of an oxygen plasma also
helps to restore superconductivity to the surface layers of
the YBCO film. Such patterned Hall bars were then loaded
into a thermal evaporation system where 2-um-thick Ag
pads were deposited through a mechanical mask. The pads
were then annealed at 550°C in | atm of oxygen for ~ 30
min and slow cooled to room temperature. Such a thermal
treatment heips to lower the contact resistance of the Ag
pads. The patterned samples were then mounted on an
oxygen-free high-purity (OFHP) copper chuck via silver
paint where ultrasonic gold bonds were then made to the
pads. Four-point dc resistivity and J,, measurements were
then made as a function of temperature in an exchange-gas
liquid-helium dewar system. A dc test current in the range
1-10 pA was used for the resistivity measurements and
T.(0) was defined as the temperature at which the film
resistivity dropped to 1 X 10~? of its normal-state resis-
tivity at 100 K. J., was determined from the current nec-
essary to produce a voltage less than 2 uV, or an electric
field of 20 uV/cm. These transport critical current mea-
surements were done in the absence of an applied magnetic
field.

lll. RESULTS
A. X-ray diftraction

X-ray diffractograms of typical films grown for cases a,
b, and ¢ are shown in Figs. 1(a), I(b), and I(c), respec-
tively. In each case, the XRD scans indicate that the films
grow largely with their ¢ axis normal to the plane of the
film. Only for the case a film could any presence of g-axis
orientation normal to the plane be observed. This shows up
as a weak trace of the (200) reflection in the XRD scan of
Fig. 1(a). Case a films did not have a Ag backing for
thermal contact and this apparently results in a somewhat
lower temperature in certain areas of the substrate (i.e.,
those areas not in intimate contact with the heater block).
The c-cell length of the films in all cases varied from
11.64(1) to 11.68(1) A without any systematic difference
between the different cases. However, a systematic trend
was observed in the width of the diffraction peaks. Specif-
ically, the full width at haif-maximum (FWHM) of the
(005) peak was found to vary from 0.245° for the case a
film, to 0.222° for the case b film, to 0.190" for the case ¢
film. This systematic decrease of the FWHM of the (005)
peak with substrate preparation agrees well with the work
of Moekley er al. % In their work, they 2iso find a system-
atic decrease in the FWHM of the (005) peak of their
laser-ablated 123 films as they vary the substrate prepara-
tion from a chemically polished substrate, to a mechani-
cally polished substrate, to an annealed substrate. It should
be mentioned that Moeckiey er @/. also performed ion
channeling measurements, x-ray pole analysis, and high-
energy oxygen resonance Rutherford backscattering spec-
troscopy on their films. These measurements correlated
well with the FWHM x-ray-diffraction results in that they
(Moekley er al.) observed a systematic increase in the crys-
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FIG. 1. Typical x-ray diffractograms of (a) film grown on MgO for case
a, (b) film grown on MgO for case b, and (¢) film grown on MgO for case
c.

tallinity ym., and in-plane epitaxy (x-ray pole) while ob-
serving a systematic decrease in oxygen disorder in going
from a film grown on a chemically polished substrate, to
one grown on a mechanically polished substrate, to one
grown on a thermally annealed substrate. While we have
not made direct measurements of the in-plane epitaxy or
oxygen disorder, their work strongly suggests that the de-
crease in the FWHM of the diffraction peaks that we ob-
serve is evidence of a systematic improvement of the in-
plane epitaxy, overall crystallinity, and decreased oxygen
disorder in our films.
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FIG. 2. Resistivity vs temperature behavior of typical films grown on
MgO for (a) case a, (b) case b, and (c) case ¢. Dashed line shows
extrapolated p( T=0 K).

B. Resistivity

The T dependence of resistivity of films grown for
cases a, b, and c are shown in Figs. 2(a), 2(b), and 2(c),
respectively. These measurements were made on 50-um-
wide lines patterned from the same thin-film samples used
for the XRD measurements discussed above and the mag-
netization results to be presented in Sec. III C. No system-
atic difference in the zero-resistance T, was observed for
the films. In all cases, T.(Q) ranged from 89.1 10 91.0 K
and transition widths AT .(90%-10%) were in the range
of 1.8-2.5 K. The case a films generally showed the broad-
est transitions (typically 2.5 K) of the three types of films
investigated and no significant differences in the transition
widths were observed between films grown in cases b and ¢
(typically 1.8 K). It is clear from Fig. 2 that the films
display in general substantial differences in their normal-
state resistivity, temperature coefficient of resistivity, and
T=0 K itercept of resistivity. Table I summarizes the
results of the y(T) measurements along with the XRD
results for films grown in the three different cases. Case a
films display the highest normal-state resistivities, positive
p(T=0 K) imtercepts, and the lowest residual resistivity
ratios p(RT)/p(100 K). This is expected since these films
were not thermally anchored with any medium to the

TABLE 1. Summary of resistivity versus temperature and x-ray-diffraction results for films grown in each of the three cases of substrate preparation.

p(T=0K)
Substrate FWHM p(100 K) extrapolated  T(0) .
Case preparation Orientation (005) peak (402 cm) p(RT)/p(100 K) (ufd cm) (K) AT.(90%-10%) (K)
a unannealed oa 0.245° 184 20 125 89.7 25
not Ag attached

b unanneaied 3 0.227 30 10 91.0 1.8

Ag attached
c annealed c 0.190° 66 31 (1] 89.1 1.3

Ag attached
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heater block and could well have grown at lower substrate
temperatures (only the block temperature was fixed) than
those films that were thermally anchored via a Ag backing.
The lower substrate temperature results in a small fraction
of a-axis-oriented grains [presence of (200) peak in x-ray
diffractogram] forming in the predominately c-axis-
oriented film. It is well known®* that such a film growth
pattern is characteristic when substrate temperatures
T<670°C, and further such films exhibit transport prop-
erties inferior to the purely c-axis-oriented films grown at
higher substrate temperatures. Case ¢ films invariably dis-
play the best dc transport properties as can be seen from
Fig. 2 and Table I. These results agree well with the work
of both Moeckley er al.®® and Norton er al.”® who have
examined the effect of substrate topography on the micro-
structure of the resulting YBCO thin films. It is known
that high-temperature annealing introduces step edges on
the substrate surface which act as preferential sites for is-
land nucleation growth.”*?* The resulting YBCO film mi-
crostructure is improved (better in-plane epitaxy with
fewer high-angle tilt boundaries) and the dc transport
properties are generally superior to those films grown on
chemically polished smooth substrates.

C. Magnetization

Magnetization measurements on the thin films grown
for each case were used to determine the magnetization
critical currents J_,,(T.A) as a function of temperature
and applied magnetic field using the Bean Formula, %’

I, = (308 (H) ]/, (n

where J.,, is in A/cm?, M(H)=AM(H)/2 is in
emu/cm’, and # is one-half the average sample dimension
perpendicular to the applied field.?*

Figure 3 displays magnetization hysteresis loops taken
at T=14 K for H,,,1 film plane for thin films grown in
each case. From this figure, one can clearly observe strik-
ing differences in the overall shape of the magnetization
hysteresis as well as a dramatic and systematic reduction in
the magnitude of the irreversible magnetization AM(H) in
going from a case a to a case c film. Specifically, for the
case a film, which displayed the worst transport and struc-
tural properties (Table I), the hysteresis curve indicates
evidence of substantial pinning similar to that displayed by
heavily twinned single crystals. > These case a films dis-
play a weak field dependence (drops by less than a factor
of 2 from 0 to 1 T) and a large value of the irreversible
magnetization AM (H,,0 = 5 kG) = 1.4 X 10* emu/cm’
giving a magnetization critical current density J. ,.(H,,
= 5 kG) = 5.6 x 10* A/cm®. Case b films, which dis-
played better transport and structural properties (Table I)
than a case a film, display a hysteresis curve with a stron-
ger field dependence and an overall lower value of the
irreversible magnetization AM(Hyy = 5 kG) = 6.0
x 10’ emu/cm’ giving a magnetization critical current
density Jon(H,pp = 5 kG) = 2.3 X 10° A/cm?. For the
case ¢ films, which invanably display the best transport
properties (Table 1), the irreversible magnetization is by
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FIG. 3. Magnetization hysteresis joops taken a¢ T'= 14 K with the applied
field perpendicular to the film plane (H,,, § ¢ axis) of (2) typical film
grown on MgO for case a, (b) typical film grown ca MgO for case b, and
(¢) typical film grown on MgO for case ¢

far the most field dependent of the three cases investigated.
Such films, we find, display the lowest value of the irre-
versible magnetization AM(H,,, = 5 kG} = 1.0 X 10°
emu/cm’ resulting in the lowest magnetization critical cur-
rent density J n(Hyon = 5 kG) = 3.6 X 10* A/cm’.
Also, one can see from Fig. 3 that films grown in all
cases display a non-zero-field flux peak in their hysteresis
loop that progressively becomes more pronounced in going
from a case a to a case b t0 a case c film. These peaks
resemble large coupling peaks associated with losses char-
acteristic of proximity-effect coupling.”? Such peaks are
generally characteristic of granular samples where at low
magnetic fields the supercurrents flow around the entire
sample and as the field is increased regions of the crystal
become decoupled as the field breaks the weak links be-
tween the grains. In order to check these films for subgran-
ularity®® and to check the validity of the Bean formula we
performed scaling experiments'®** with the films. In the
scaling experiment, a thin-film samples’ hysteresis is first
measured on the whole sample and then measured on the
same sample with an average dimension one-half the orig-
inal dimension of the whole sample. This film is then
scribed further to one quarter of the original dimension
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FIG. 4 Magnetization hysteresis loops of case b film measured as 2
function of sample dimension at (a) T=14 K and (b) T=2 K. The
total volume of the sample was kept approximately constant with each
scribing.

and measured again. One expects the irreversible magneti-
zation to scale by one-half with each scribing if the cur-
rents flow throughout the entire sample. Figure 4 shows
the result of this scaling experiment at two temperatures on
a case b sample. At both temperatures we find the magne-
tization to scale with sample dimension indicating that the
samples do not show subgranularity and that the Bean
formula is valid in estimating J. ,, at high fields. It should
be mentioned that films in all three cases showed this scal-
ing. Therefore, we conclude that the flux peak observed in
Fig. 3 is not the coupling peak generally ascribed to sub-
granulanity.

D. JemdT)

Figure 5 displays the temperature dependence of the
magnetization critical current density for films grown in
each case. It can be seen from Fig. § that the magnitude of
the magnetization critical current at all temperatures sys-
tematically decreases as we go from a case a to case b to
case ¢ film. The case a film grown on an unannealed unat-
tached substrate displays by far the largest magnetization
(Fig. 3) and therefore the highest J_, at all temperatures.
It should be noted that this is the same film that displayed
the worst transport and structural data (Table [). The case
c film, grown on an annealed substrate with Ag backing,
clearly displays the worst magnetization (Fig. 3) and
therefore the lowest J_ , at all temperatures (Fig. 5); how-
ever, this film displayed the best transport and structural
properties. Thus, the films that display the best transport
and structural properties generally display the worst mag-
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FIG. 5. Temperature dependence of the magnetization critical current
density of films grown on MgO for cases a. b, and c.

netization properties and vice versa. In order to further
investigate this result we measured the transport critical
currents on these same thin films patterned to 50-um-wide
lines as described earlier. Also, this would allow for a di-
rect comparison of the magnetization and transport critical
current densities.

E. JdD

Figure 6 displays the results of the measured transport
critical current density J, ,(T') as a function of temperature
for the case b and case c films. As stated earlier, these
measurements were made in the absence of an applied field.
Assuming that the current flows uniformally throughout
the microbridge, the self-field due to the measuring trans-
port current was calculated to be a maximum of 10 G at
the surface of the film microbridge. This small field should
not significantly affect the transport critical current. Thus,
while the J,., measurements represent essentially zero-field
measurements, the J. ,, values just reported were measured
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FIG. 6. Temperature dependence of the transport critical current density
of films grown on MgO for cases b and c.
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at an applied field of 5 kG in order to make the Bean model
applicable. The different applied field used for the two mea-
surements 1s not emphasized, however, since it is the trend
of J., and J, ,, with film microstructure that we are inves-
tigating. While the applied field may change the absolute
value of the critical current slightly, it would not alter the
systematic trend observed. J, ( T) results of case a films are
excluded from Fig. 6 since these films showed some deg-
radation of T, due to water exposure just prior to the
J.,(T) measurements. While these case a films generaily
did display the lowest transport J,, at all temperatures, we
could not count out the effects of the water exposure in
determining the J.,. We would expect these films to display
the lowes: J,/'s since such films did display the worst trans-
port and structural characteristics (Table I) prior to deg-
radation. Also, case a films contained some g-axis-oriented
grains which invariably will lead to lower in-plane J,'s.”*
However. the results on case b and case ¢ films are unam-
biguous and Figs. 5 and 6 clearly demonstrate that for
these films J.,(7T) and J, . (T) follow the opposite trends
with substrate preparation. In other words, we observe an
anticorrelation between the transport and magnetization
critical current densities for such films.

IV. DISCUSSION

Many of the experimental phenomena observed in the
high-T . superconductors have been understood in terms of
models developed for conventional low-T, type-II super-
conductors. However, in comparing the physical charac-
teristics of the two materials, two obvious differences
emerge. The coherence length § of the low-T, supercon-
ductors (typically 0.1-1 um) is orders of magnitude larger
than that of the high-T, superconductors (£~3-30 A).
Therefore atomic scale defects that do not play a role in
determining critical currents in the low-T, matenals can
act as both flux-pinning sites and weak links in controlling
critical currents in the high-T. matenals. Furthermore,
since T.'s in the high-T. materials are elevated by aimost
an order of magnitude for the same flux-pinning energies,
the decay of magnetization dM/dt ascribed to flux creep
while absent in the low- T matenals is a significant effect in
the high-T, materials. Therefore, transport (J,,) and mag-
netic (J.,,) critical currents in the low-T, superconductors
represent static measurements and have been shown to
scale with each other. However, this is not the case in the
high-T. superconductors as we discuss next.

In this section we begin by first addressing the issue of
film microstructure as inferred from the observed temper-
ature dependence of the critical currents. Next, we move
on to discuss the central issue of the present work, namely,
the observed anticorrelation between J,, and /,, as a func-
tion of substrate preparation. At the outset, it would be
pertinent to mention that each of the critical currents mea-
sured (J., and J_,) in the c-axis-aligned films geometni-
cally refer to currents flowing parallel to the CuO; planes.

A. Film microstructure from J (T} and J_,(T)
Figure 7 displays the transport critical current density

versus temperature for case b and case ¢ films. These re-
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Eq. (2).

sults taken from Fig. 6 are now normalized to J,_ (T=+4
K) and plotted as a function of reduced temperature, ¢
= T/T- As illustrated in Fig. 7, the J_ {r = T/T,) result
for the case ¢ film is well described at low temperatures
(¢t <0.8) to a flux<creep-controlled transport current ex-
pression,*®

J.(0,0) =J(0)[1 —a{0)e—Br], (2)

where a(0) is related to the pinning energy U/(0,0) by the
expression

a(0)=[kgT/U(0.0)] In(EyE). (3)

In this expression E; represents the characteristic electric
field and E is the electric-field criterion used for the J_,
measurement.’® We could fit J_(t = T/T,) results for the
case ¢ film using @~0.9 and 8~0.4 yielding a pinning
energy of U(0,0)~60 meV, taking Ey/E to be ~ 10°.
J.(t = T/T,) for the case b film could not be fit as well
using Eq. (3). However, atterapts to fit J. (¢ = T/T,) for
the case b film to SNS or SIS modeis®” yielded even poorer
fits.

Figure 8 displays the temperarure dependence of the
magnetic critical currents J_ (¢t = T/T.) deduced from
the VSM measurements in an applied field of 5 kG for the
films grown in the three cases. In making this plot we have
normalized the J,,,(T) results of Fig. 5to J_,(T=15K)
and have plotted the results as a function of reduced tem-
perature t = T/T. Although films in the three cases dis-
play somewhat depressed critical current densities and a
weak exponential temperature dependence of J (¢
= T/T.), the observed temperature dependence of
J.m(t = T/T,) is inconsistemt with superconducting
grains separated by normal regions as expected for S.VS-
type granular films.” Following the de Gennes—
Wethamer-Clarke’** theory of proximity effect junctions,
SNS-type materials should display a temperature depen-
dence of the critical current given by

Iox (1-7) exp[ —ayt*/§u(T ) 1. (4)
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where ay is the thickness of the normal metal barrer and
£( T 1s the normal metal coherence length, i.e., the dis-
tance the Cooper pairs penetrate the barrier.’” At Hpl
= 5kG (the field at which the J_,, was taken}, one expects
the field to completely decouple the superconducting
grains of a S.VS superconductor and therefore require that
ay/£y(T.) > 1. The dashed lines in Fig. 7 are theoretical
plots of Eq. (4) for the case of ay/§v(T.) = | and the
more probable case of uy/$y{T.) = S. Neither theoretical
plot is a good fit to the J, ,,(t = T/T.) results. This indi-
cates that the present films are not S.\VS-type granular
films. This result is consistent with the magnetization scal-
ing results of Fig. 4, since one would not observe sample
size scaling of the magnetization in macroscopically gran-
ular superconducting material. We therefore conclude that
our films are not granular in a “macroscopic” sense and
that the T dependence of J_,, can be understood as due to
a flux-creep phenomenon.*! Whue the full T dependence at
a finite magnetic field is not easily accounted for, it is
known that the slope d(/J, ,,)/d(T) at a given temperature
increases with increasing magnetic field in the flux-creep
model.’® This is consistent with our J.,,(T) results.

We cannot, however, exclude the presence of internal
Josephson junctions within the superconducting grains
controlling /. in our films. In this glassy picture, J. is con-
trolled by Josephson tunneling across microstructural de-
fects which act as “‘micro” weak links within the supercon-
ducting grain.** Deutscher and Muller recognized that the
smallness of the coherence length (£~ atomic spacing) in
the high-T, superconductors leads to an anomalous tem-
perature dependence of J, J. « (T — T.)% near T, while
at low temperatures, J, has the usual dependence J,
« (T — Tc).u These predictions are consistent with our
J.. results and may also explain the somewhat depressed
J., and J., values reported here.*’ Thus, while we can
exclude the presence of granularity on macroscopic scale
for our films, both a flux-creep model and a model based on
internal Josephson junctions can account for the T depen-
dence of the critical currents in our films.
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B. Observed anticorrelation ot v, and J .,

Often J. , and J,., measurements on nigh-T7 . supercon-
ductors are reported™ as a function of applied magnetic
field or temperature on one particular sample. but not as a
function of sample processing as we have done presently
for the first time to our knowledge. Film processing per-
mits one to alter the film microstructure, and this has al-
lowed us to examine how J,, and J_,, change as a function
of the nature of defects present i the films.

The systematic improvement in the normal-state elec-
trical transport and structural prone:.es (Table I) ob-
served in going from a case a to a case c film is no doubt 2
consequence of a reduced defect density in the films. This
reduction in defect density with substrate preparation has
been observed by other groups and has been shown to
invaniably result in thin films with improved transport and
structural properties. Moekiey er al.” have shown that the
primary defects suppressed in films grown on annealed
substrates consist of high-angle and low-angle tilt bound-
aries. The authors also report a substantial reduction in the
oxygen disorder in such films. Clearly, the reduction in the
irreversible magnetization (and therefore J_ ). in the case
c films is a direct consequence of the reduced defect density
since these tilt-boundary defects act as active flux pinning
centers in the magnetization measurement. In “he conven-
tional flux-creep theory,

.~ Uo/ (NI (5)

where .V is the number of vortices in 2 flux bundle, 4 is the
average width of the potential, Uj is the unperturbed pin-
ning potential, and / is the average hoping distance between
pinning centers.*' Therefore, a reduction in the defect den-
sity (i.e., number of pinning sites) would also result in a
substantial increase in [ and therefore a decrease in J_,,
from Eq. (5). This is consistent with our results in going
from a high defect density film (case a film displaying large
J.m and poor transport properties) to a lower defect den-
sity film (case ¢ film displaying small J_, and superior
transport properties). One might also have expected a re-
duction in the transport critical current with reduced de-
fect density since J_, is also determined by flux-line move-
ment. However, our results show otherwise, and this may
be understood as follows: Those defects that act as flux-
pinning centers in the magnetization measurement also act
as internal “micro”™ weak links within the superconducting
grains in the transport measurements. Since the coherence
length in the cuprates (£~ 3-30 A) is of the order of the
underlying defect dimension, it is reasonable to expect that
J., would in fact increase somewhat independent of pin-
ning considerations as the film in-plane epitaxy is im-
proved. Promotion of structural order in the CuQO, planes
on an atomic scale enhances J, largely because the super-
conducting order parameter becomes spatially more homo-
geneous in the a-b plane in the absence of these micro-
scopic weak links. This glassy picture interpretation has
been used to explain many of the experimental phenomena
observed in the YBCO-type superconductors and appears
to be consistent with the present results as well.**
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Another mantfestation of the observed anticorrelation
between J ,, and /., that bears on the conventional flux-
creep model is related to the effective pinning potential
U, It has recently been shown from neutron** and
proton*®-irradiated Y Ba,Cu,O, single crystals that one
can increase U independently of J .. This indicates that
J.n may be determined by the total number of pinning
centers or possibly by specific defect structures that may
not uniquely determine U, We have made preliminary
measurements of the time-dependence decay of magnetiza-
tion (flux creep) on films grown in each of the three cases
in order to determine U for each. While the detailed
results of these measurements will be presented in a sepa-
rate publication.‘7 here we brnefly summarize the main re-
sult as 1t relates to the observed anticorrelation of J,, and
J. m For each film, M(t) is found to be logarithmic in time
in the range 10 5<¢< 1200 s and can be described by the
simple relation®'*3

\y =M \{1 ra—| L 6
(=MD == .
Min =M Tl n(‘o)} (6)

In these flux-creep measurements, we find that the decay
rate dM (T =50 K)/d In(t) at 0.5 T decreases systemati-
cally in going from a case 2 to a case b to a case ¢ film. This
indicates that the effective pinning potential [’y increases
as the films become structurally better order:d. We thus
find that the films with the highest J; values also display
the highest L',y On the other hand. J_,, may be controlled
by the total number of pinning centers or possibly by shal-
low pinning centers that do not significantly affect U . The
decrease in J. ,, with increasing U is not inconsistent with
recent reports on Y Ba,Cu;0- single crystals that show
substantial increases in the irreversible magneuzation with-
out chanyges in the effective pinning potential.****** ¢ ap-
pears that the ongin of the differences in U between the
three types of films studied here is most likely the conse-
quence of a sysiematic change in the distribution of pin-
ning sites in our n'ms.*® For example, possibly the number
of a specific shallov (low U,g) defect center is systemati-
cally reduced in g ning from a case a to a case ¢ film, while
the number of deep (high U,) centers remai.  ~changed
or even ncreases slightly. In such a way one can under-
stand the systematic reduction in the irreversible magneti-
_ation with an increase in the effective pinning potential.*”

V. SUMMARY

in summary we have studied the transport, structural
and magnetic properties of c-axis-uiented Y Ba,Cu;05_;
thir films grown by an off-axis in sita sputtering technique
on MgO substrates. We show that by varying the substrate
surface preparation pnor to deposition, films can be grown
that display systematic improvements in their dc transport
and structural properties. At the same timne, (he irreversible
magnetization at all temperatures is systematically re-
duced. thus displaying for the first time an anticorrelation
berween the transport (J.,) and magnetization (/. ,,) crit-
ical curr:nt densities as a function of film m-c ostructure.
The anticorrelation can be understood in terms f a sys-
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tematic reduction of the low-angle and high-angle uit-
boundary defects in the films. It is apparent that the defects
play a dual role in determining J. in the two measurements.
While these defects act as flux-pinning sites and increase
the irreversible magnetization, these same defects also act
as “micro” weak links in the transport measurement thus
limiting J. .

Note added in proof. Since the submission of this
manuscript, we have made similar measurements on
Y,Ba,Cu;0y_, thin films displaying higher transport and
magnetic critical current densities (J_,, ~ 10’ A/em?at 14
K) than those reported here. These films also display the
same trends in J., and J_, with substrate preparation il-
lustrated in this manuscript.
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In situ preparation of superconducting Y,Ba,Cu;0,_; thin films by on-axis
rf magnetron sputtering from a stoichiometric target
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Superconducting ¥,Ba,Cu;O4 _ ; thin films have been fabricated in situ by on-axis rf reactive
magnetron sputtering from a single stoichiometric 1-2-3 target. By using high total
sputtering pressures { >400 mTorr) and low oxygen pressures (<10 mTorr), negative ion
resputtering is almost climinated and high quality oriented films on (100)MgO are

realized with excellent reproducibility. Such films display zero resistance T,’s as high a5 88 K
with transition widths AT, (909—-10%) of about 2 K, residual resistivity ratios R(300
K)/R(100 K) of 2.5, and critical curreat densities greater than 10° A/cm? at 14 K.

Currently there are several methods for the growth of
high temperature superconducting thin films including
sputtering,? evaporation,’ and laser ablation.’ Although
thin films are produced using each of these techniques,
reactive magnetron sputtering using a single composite tar-
get has become more popular due to its simplicity. In con-
ventional low pressure {5-10 mTorr) reactive magnetron
sputtering the composition of the deposited film is known
10 be quite different from that of the target. This is due to
resputtering of the film by negative ions formed at the
cathode (target) during the sputtering process. In the case
of YBCO, barium is preferentially removed from the film,
followed by copper, and the resuiting film can have sub-
stantia] compositional deviations from the 1-2-3 stoichiom-
etry.® This resputtering problem has been solved by various
groups using differsnt methods, such as placing the sub-
strate in an off-axis configuration,”® or dc sputtering at
very high pressures.>® These methods in general result in
rather low deposition rates of about 300 A/h. To offset this
disadvantage, we have chosen to work at very high sput-
tering pressures, but in an on-axis geometry yielding rather
high deposition rates as discussed in this work. Most
groups fabricating in situ films by conventional rf magne-
tron sputtering in an on-axis geometry use an off-stoichi-
ometry target (copper rich) to compensate for copper re-
sputtering.'®!! This latter approach is restrictive in that it
requires optimizing the cathode target composition to
achieve the desired film composition.

To our knowledge, the present effort constitutes one of
the first of its kind to fabricate high quality ir situ YBCO
thin films using conventional rf sputtering from a stoichio-
metric target in an on-axis geometry. We show that by
using high total sputtering gas pressures (Pr>400
mTorr), low oxygen gas pressures [P(0,) <10 mTorr], and
low rf power ( <100 W), oxygen resputtering can be
pearly eliminated in a conventional rf magnetron on-axis
deposition configuration. Furthermore, such a method pro-
vides rather high deposition rates of 1800 A/h. We have
fabricated smooth, c-axis orieated in situ thin films of
YBCO on MgO substrates wi.h T, onsets between 90 and

*'Also Professor, Department of Physics, University of Cincinnati, Cin-
cinnan, OH 45221
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92 K and transition widths AT, (90%-10% ) around 2 K.
The critical currents of the films are found to be above 10°
A/cm’ at 14 K.

Stoichiometric Y,Ba,Cu;0,_; targets either fabri-
cated in-house or supplied by Superconductive Compo-
nents Inc. were used. The magnetron sputtering gun (US
Gun) housed in a stainless-steel bell jar is typically evac-
uated to a base pressure of 107 Torr using a CT-8 CTI
cryopump. Substrates are polished (100YMgO single crys-
tals and are heated during deposition to T, = 600-700 °C
using a Conductus 2 in. high-temperature substrate heater.
In all experiments,the substrates are mounted directly cen-
tered above the target in an on-axis geometry with a target
to substrate distance of 4 cm.

Typical sputtering conditions for films deposited at to-
tal sputtering pressures Pr in the range 200<P, <600
mTorr with an oxygen pressure of P(Q,) = 10 mTorr are
a substrate temperature (7T,) of M0 °C, an rf power of 60
W, and a dc bias on the target ranging from — 100 V (for
the 200 mTorr case) to — 25 V (for the 600 mTorr case).
This gave deposition rates ranging from 2500 to 1500 A/h,
respectively. After each deposition, argon is evacuated
from the sputtering chamber and am atmosphere of oxygen
is introduced. The substrate temperature is reduced to
500 °C where it is held fixed for approximately 30 min. The
substrate heater is then shut off and the s.nples allowed to
cool to room temperature. The sampies are then removed
from the chamber. The appearance of the films is black and
mirror-like with some rougher areas aloag the edges of the
substrates. These films are then anslyzed without any post-
annealing.

The thickness of the films is messured using an Alpha
Step 200 profilometer over 5-50 pm wide lines fabricated
using standard photoresis« lithography with dilute phos-
phoric acid as the etchant Resistance versus temperature
behavior is determined using a conventional four-point
probe configuration in an exchamge gas system using
pressed indium contacts. For resistivity measurements, Ag
pads are thermally evaporated omto $-50 um wide pat-
terned lines. The crystal structure is examined by theta-two
theta x-ray diffraction. Rutherford backscattering spectros-
copy and energy dispersive x-ray saalysis (EDX) are used
to determine the composition of the films and scanning
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FIG. |. Total sputtering pressure dependence of T (onset) and 7 (zero
resistance) for YBCO thin films grown on (100)MgO for case 1. The
oxygen gas pressure was kept fixed at 5-10 mTorr.

electron microscopy (SEM) to investigate the surface mor-
phology. A EG&G PAR model 4500 vibrating sample
magnetometer coupled to a closed-cycle refrigeration sys-
tem is used to study the magnetic properties of the films as
a function of temperature.

The film quality of magnetron-sputtered films is gen-
erally sensitive to the sputtering parameters, such as the
substrate temperature, sputtering gas pressure, power, etc.
When sputtering in an on-axis geometry, as is our case, the
film quality is especially dependent upon the total sputter-
ing gas pressure and the ratio of the argon to oxygen gas
pressure. Furthermore, the position at which oxygen enters
in relation to the cathode (target) can effect the film qual-
ity largely because when oxygen is localized near the sub-
strate, there is a lower probability for it to be ionized and
accelerated away from the cathode toward the substrate. It
is well known® that O~ ions formed at the cathode are
accelerated away from the negatively biased cathode and
are quickly neutralized in the plasma The now neutral but
energetic oxygen can travel through the plasma and im-
pinge on the substrate where it can resputter material from
the growing film. This resputtering effect can be greatly
reduced by increasing the plasma pressure which better
thermalizes the neutral oxygen by increasing the collision
frequency. Also, an increased plasma pressure reduces the
negative bias required on the target thus imparting a lesser
kinetic energy to the formed O ™ ions at the cathode. For
these reasons, we investigated two cases in our work. In
case | the argon and oxygen gases are mixed prior to inlet
into the sputtering chamber, while in case 2 the sputtering
gas (argon) is localized at the target (cathode) and the
reactive gas (oxygen) is localized at the substrate using
injection rings.

Figure ! shows the dependence of T, on the total sput-
tering pressure for films grown on (100)MgO for case 1 in
which the gases are mixed. The substrate temperature was
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FIG. 2. Resistivity v3 temperature of (a) YBCO thin film deposited on
(100)MgO for case 1 and (b) YBCO thia film deposited on {100)MgO
for case 2. Both films were grown under the optimum conditions of
T, = 700 °C and Pr = 500 mTorr. Inset affoeds a better comparison of the
resistive transition near T

fixed at T, = 700 °C and only 510 mTorr of oxygen was
present in each deposition. Films grown at pressures
Pr<200 mTorr exhibited semiconducting behavior and
showed no T, down to 14 K (the lower temperature limit
of our system). EDX revealed that these films are Ba and
Cu deficient most likely due to resputtering by negative
oxygen ions formed at the cathode. The highest T, was
obtained for films grown at a total sputtering pressure
Pr =500 mTorr. Increasing the pressure beyond this ac-
tually degrades film quality (ie., decreases T,). The rea-
sons for this are not clear at present. At the optimum
pressure of 500 mTorr, the amount of oxygen gas present
during sputtering had to be kept very low (5-10 mTorr).
Even the presence of only 10% of oxygen (50 mTorr)
results in a decreased deposition rate and Ba and Cu defi-
cient films (with T s around 60-65 K).

Figure 2(a) shows that R vs T behavior of our best
film grown at the optimam conditions (Pr
= 500 mTorr, T, = 700 °C) for case 1 in which the gases
are mixed prior to inlet into the sputtering chamber. The
zero resistance T, is 83 K witk a somewhat broad transi-
tion width AT .(909%—10% ) of 5 K. The residual resistivity
ratio (Rigg x/Rio0 x) Of this film is about 2.1 and the re-
sistivity at 100 K is 260 20} cm. Figure 2(b) displays the R
vs T behavior of a film also grown at the same optimum
conditions ( Pr = 500 mTorr, T, = 700 °C) but for case 2 in
which the oxygen is localized near the substrate and the
argon near the target. The zero resistance T, of this film is
88 K with a narrower transition width of 2 K. The residual
resistivity ratio is 2.5 and the resistivity at 100 K is 100
pulem.

Figure 3 compares typical x-ray diffractograms for
films grown when the gases are mixed {case 1, Fig. 3{a)]
and when the oxygen is localized [case 2, Fig. 3(b)] around
the substrate. In both cases only (00!) reflections are
prominent indicating that both films are highly c-axis ori-
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FIG. 3. Typical x-ray diffraction scams for YBCO thin films grown on
(100)MgO for (a) case 1, and (b) case 2. Both films were grown under
the optimum conditions of T, = 700 °C and Pr = 500 mTorr.

ented with the c-axis normal to the substrate. However, a
fit of the data shows that the c-axis of the film grown in
case 1 is 11.74(1) A, while that of the film grown in case
2 is 11.69(1) A. The c-value expected for a high quality
film should be nearly that of the bulk material of ~11.68
A. The larger c-axis of the film grown in case 1 was found
not to be due to oxygen deficiency, but rather crystal de-
fects (i.c., stacking faults) resulting from the nonoptimal
in situ growth. This probably is the reason for the some-
what larger AT.(909-10%) of 5 K observed for even our
best films grown for case 1. Films grown at lower pressures
(Pr =200 mTorr) which did not show a T, continued to
display a diffraction pattern characteristic of a mostly
c-axis oriented 123 film at 7,>700 °C. The x-ray diffraction
peaks of these films are shifted to lower two-theta values
giving an even longer c-axis of ~11.9 A. Overall, we ob-
serve that the c-cell length parameter of our films system-
atically decreases as the total sputtering pressure is in-
creased. The resulting systematic increase of 7, (and
overall film quality) with decreasing c-axis length that we
observe is very similar to that observed by Muroi ez al. in
their work on rf-sputtered thin films.'? By localizing the
oxygen at the substrate (as in case 2), presumably fewer
negative oxygen ions are formey and accelerated across the
sheath where they are neutralized and eventually bombard
the film. Also, more oxygen is supplied to the film enhanc-
ing in situ crystal growth.

The critical currents of films grown in case 2 were
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determined from magnetization measurements using a vi-
brating sample magnetometer. With an applied magnetic
field directed along the c-axis, the critical current density
J.(A/cm?) was deduced from the magnetization difference
Am at a given field following the Bean critical state
model.'’ The zero-field critical current densities for our
films at 14 K are found to be ~3x 10° A/cm? and do
rapidly decrease near T The valwe at 77 K was found to
be 4X 10* A/cm’. The critical carrents of these films dis-
play a weak field dependence however, and drop by less
than a factor of 2 from zeroto 1 T.

The surfaces of all our films (those grown in both
cases) are smooth and mirror-like The surface roughness
of our films measured with an Alpha Step 200 surface
profilometer was less than 25 nm and could be ecasily pat-
terned to § um linewidths using standard photoresist li-
thography. SEM investigation of several ir situ films grown
on (100)MgO showed that the sarfaces of these films are
much smoother than post-annealed films with no apparent
granular structure

In summary, we have fabricated high quality in situ
YBCO thin films on MgO substrates using a conventional
on-axis rf magnetron sputtering technique from a stoichio-
metric target. Typical deposition parameters included: T,
= 700°C, Py = 500 mTorr, P(Oy) = 5-10 mTorr, of
power of 60 W, and a target dc bias of — 30 V. The dep-
osition rates of 2500-1500 A/h achieved in our approach
are significantly higher than those reported by a compara-
ble dc sputtering method or aa off-axis 1f sputtering
method. Our films are found to be smooth and highly ori-
ented with T, onsets around 92 K and zero resistance T,’s
as high as 88 K. The critical current densities are greater
than 10° A/cm’ at 14 K.
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