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Time-differential perturbed angular correlation (TDPAC) is a powerful tool in material science for measuring the
local electromagnetic fields at probe nuclei through hyperfine interactions. We have been applying this technique
with reactor-made radioactive nuclei to several different material systems. In this paper, following a brief descrip-
tion of the TDPAC technique, our recent results are reviewed.

1. Introduction

This paper aims to fulfill two objectives. The first one is to
outline the theory and technique of the time-differential per-
turbed-angular-correlation (TDPAC) method, which is a
nuclear spectroscopic technique for investigating local struc-
tures, electronic states, etc., in materials via hyperfine interac-
tions. A detailed account of the perturbed-angular-correlation
theory is given by Frauenfelder and Steffen.' The second is to
give a brief account of TDPAC experiments using the Kyoto
University research reactor (KUR). Our recent results are
those on the ferroelectric phase transition of LiTaOs, local
magnetic fields in the Mo layer of Mo/Fe multilayer,® hopping
motion of Ce in graphite,* and hyperfine fields in a protein,
mavicyanin.’

2. Outline of the TDPAC Theory

The two yrays in a cascade process emitted from an excited
nucleus exhibit the angular correlation between them, which
depends primarily on nuclear properties such as the multipo-
larities of the yrays and the spins of the relevant levels. The
angular correlation W(0) is expressed as follows; W(0)dQ is
the relative probability that the second yray is emitted into the
solid angle dQ at an angle 6 with respect to the emission direc-
tion of the first yray.

W(6) = 20 A (DAL (2) P(cost), M
k

where the summation index k takes non-negative even integers
with the upper limit determined by the values of the multipo-
larities of the two yrays and the spin of the intermediate
nuclear level, and P; is the ky,-order Legendre polynomial.
A;(1) and A;(2) are quantities concerning the first and second ¥
transitions, respectively, determined only by the nuclear proper-
ties.

When a nucleus in its intermediate level interacts with an
extranuclear field, the angular correlation is perturbed. The
general expression for the perturbed angular correlation is as
follows:
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where p, and p, are the momenta of the first and second y rays,
respectively, and 6; and ¢; (i = 1, 2) in the spherical harmonics
are their spherical coordinates. Like A;(1) and A;(2) ineq 1,
A, (1) and A, (2) are quantities concerning the first and second y
transitions, respectively, determined only by the nuclear proper-
ties. The parameters k; (i = 1, 2) are non-negative even integers
and N, are integers satisfying —k; < N; < k;. The perturbation fac-
tor Givl'gz (t) contains information on the interaction of the
nucleus in its intermediate state having spin / with extranuclear
fields and is written as

Gl (= 2 (—l)z”m"“"”[(2k1+1)(2k2+1)]'/2(ni I kl)

m,m, 'a_maN 1
I 1 k «
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where the eigenvalues such as m, in the 3-j symbols are referred
to an arbitrarily chosen z-axis. The quantity A(¢) reflects the
interaction of the nucleus with extranuclear fields. In the case
of static interactions, A(f) is written as exp(—iH;,/h), where H,,
is the time-independent interaction Hamiltonian. If there is no
effective extranuclear field, i.e., A(¥) = 1, Givl',gz (1) is equal to
Ov,n, Ok, and eq 2 is thus reduced to eq 1, as it should be. Using
the eigenvector |n) of H,, with the eigenvalue E,, eq 3 is rewrit-
ten as

G;{V]%\zlz ([) — z 2 (_1)21+ma+mb[(2k1+1)(2k2+1)]l/ze’(i/h)(En’En')t
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If the perturbing field is of axial symmetry and the z-axis is
chosen parallel to the symmetry axis,
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When the sample is a powder source, i.e., an ensemble of ran-
domly oriented microcrystals, the perturbation factor must be
averaged over the Euler angles which transform the laboratory
coordinate system to the coordinate system of each microcrys-
tal. As a result, the perturbation factor does not depend on the
parameters N, and N,:

Gkk(t) = Z Z (_1)21+mu+mh( I 1 k ) ( 1 1 k)e*(i/ﬁ)(En—Enr)t

| |
N,mg,m, n,n' m'=meN |\ m',—m,N

X () () ' ') (' | ) (6)

The angular correlation W(p,, p,, ) has the form
Wy, 5o 1) = WO, = 20 A(DAL2)Gu(®P(cosB),  (7)
k

where 6 is the angle between p, and p,. Since in this form the
differences from the expression for the unperturbed angular
correlation, eq 1, are only the factors Gy (f), they are particu-
larly called the attenuation factors. When each microcrystal is
of axial symmetry, G, (¢) has the simpler form

n' —-n n-n'

2
Gu() = Z ( L1k ) o UM EE ®

Note that the perturbed angular correlation is observable even
for polycrystals.
Here, as a simple example we give the expression for the case
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where a uniform static magnetic field is applied perpendicular to
the plane on which two y detectors and a sample containing
TDPAC nuclei are situated. The magnetic field (B) is axially
symmetric, and the relevant expression is eq 5 with E,, = mh o,
(z-axis is taken parallel to B). Here, @, is the Larmor frequency,
and using the nuclear g-factor and nuclear magneton Ly, it is
defined as w, = —guyB/h. The exponential factor depends on N
= m-m' and thus can be moved outside the summation symbol.
Using the orthogonality relation of the 3j-symbols, the perturba-
tion factor is written as

GIN (1) = exp(~iN ), 9)

where k; = k, = k. Substituting eq 9 into eq 2 leads to the
expression

kmax
W(6,r) = Z A (DAL (2)Pi[cos(O-awy1)], (10)
k=0

taking 6, = 6, =90° and ¢, — ¢ = 6. Coincidence counts N(6, 1)
of the cascade yrays are given by

N(6,1) = exp(—t In2/t,,,) W(6,1), (11)

where t,/, is the half-life of the intermediate state of the probe
nucleus. Assuming that the maximum value of & is 2, the ratio
R() obtained with the coincidence counts at 8 = 180° and 90°
becomes

R(#) = [N(180°,1) — N(90°,)]/ [N(180°,¢) + N(90°,1)]
~ %Az (DA, (2)cos2ayt), (12)

From the measurements of the angular correlation, @, can be
obtained. Once @, is obtained and when either of the two
quantities g or B is known, the other quantity can be derived.
TDPAC technique gives the product of such two quantities.
One is concerned with nuclear properties such as g-factor

TABLE 1: Characteristics of ¥~y cascades appropriate for TDPAC

Decay mode
Parent — Probe I Mean life / ns u/nm Q/b 1/ keV 1/ keV Ay
Half-life
Mo 2gd PTe 5/2* 5.2 +3.291 740 181 +0.10
RN E_C> PRy 3727 29.6 —-0.284 +0.231 528 90 -0.19
16d 353 90 -0.15
EC
100pg 3g>d 'Rh 2* 309 +4.324 84 75 +0.17
111 ﬁ 111
Ag 7;)(1 Cd 96 245 -0.13
1T
"mCd 49—)0 "cd 5/2* 123 —-0.7656 +0.77 151 245 +0.18
min
EC
"n 2§>d cd 171 245 -0.18
'Cd Z%h "In 3/2* 713 +0.938 (-)0.59 90 344 -0.36
“La 1g>d 0Ce 4* 5.0 +4.35 0.35 329 487 -0.13
STHF g "¥1Ta 5/2* 15.6 +3.29 (+)2.35 133 482 -0.20
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Figure 1. Block diagram of the TDPAC measurement system with
four BaF, detectors.
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Figure 2. The (a) ferroelectric and (b) paraelectric structures of the
LiNbO;-LiTaO; system. The arrow indicates the direction of the
spontaneous polarization (P;) in the ferroelectric phase. Li is repre-

sented by the hatched, Nb (Ta) by the dotted circles. The horizontal
lines stand for the oxygen planes.

which nuclear physicists are interested in and the other with
material properties which chemists are interested in.

The expressions for the cases where the perturbing fields are
static electric fields and dynamic ones are described in sec. 5
together with our recent TDPAC results.

3. TDPAC Probes

Conventional TDPAC probes are *’Ru(«<°’Rh), """Rh(«
IOOPd), lllcd((—]”Ag), IHCd(elllmCd), IllCd(FIHIn), ”7111(%
Cd), 'Ce(«'*’La), and "*'Ta(«<—'*'Hf). The relevant quanti-
ties for these probes are summarized in Table 1, together with
those for *Tc(«*’Mo) used in our recent study on Mo/Fe mul-
tilayers. As seen from the half-life in Table 1, the time range
during which interactions of nuclei with their surroundings are
observed is the order of 10-1000 ns. *’Ru and '“’Rh are espe-
cially useful for probing materials containing 4d transition ele-
ments. Likewise, "*°Ce is good for studying materials
comprising rare-earth elements. '''Cd can be produced from
three different elements, Ag, Cd, and In. When these elements
may occupy distinct sites in materials, corresponding '''Cd-
TDPAC measurements can bring more information than a sin-
gle measurement using only one parent element. '''Cd(«
HimCd) and '"In(«-'""Cd) are an interesting pair. Both parent
elements are the same, i.e., they occupy the same sites, but
"1Cd- and ""In-TDPAC spectra may indicate that Cd and In
behave differently (an example is given in sec. 5.1). Recently,
"F arising from O was used as a new TDPAC probe.’

4. TDPAC Measurement System

A measurement system can be constructed with standard fast-
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slow electronic modules and two y detectors. However, it is
often that four y detectors are used and placed at right angles
with each other on a plane. By doing this, 4 sets of N(180°, 1)
and those of N(90°, r) can be obtained at one measurement, SO
that a high measurement efficiency is gained. Moreover, this
arrangement can avoid the unwanted effects owing to different
detection efficiencies (which include the effect of different
source-to-detector distances). For y detection, scintillation
detectors with high Z elements and good timing response are
used. BaF, is such a scintillator. Figure 1 displays the block
diagram of our TDPAC measurement system using four BaF,
detectors.

5. Recent TDPAC Experiments Using the Kyoto University
Research Reactor

5.1. Ferroelectric transitions in LiNbO; and LiTa0;.>
Lithium niobate, LiNbO;, and isostructural lithium tantalate,
LiTaOs, are ferroelectrics and are known as, for example, impor-
tant non-linear optic materials. LiNbO; and LiTaOs; adopt an
ilmenite (FeTi0O;)-related structure (not the perovskite structure)
because of the similar ionic sizes of Li* (76 pm), Nb** (64 pm),
and Ta* (64 pm). These oxides undergo a structural phase
transition (corresponding to a ferroelectric-to-paraelectric
phase transition) at temperatures (7¢) of 1483 K and 938 K,
respectively. The ferroelectric structure belongs to the R3¢
space group. The atomic arrangement consists of oxygen octa-
hedra sharing faces along the polar trigonal axis. When the
spontaneous polarization direction is downward, the Nb (Ta) ion
on this axis is displaced downward from the center of its octahe-
dron [Figure 2(a)]. The next octahedron above contains a Li ion
displaced upward from its center and the one more above has no
metal ion inside it. The paraelectric structure belongs to the R3¢
space group. The Nb (Ta) ion is located at the center of its octa-
hedron [Figure 2(b)]. The average Li position is on the upper-
triangle oxygen base of the octahedron; the Li ion is disordered
and occupies the previously empty octahedron half the time
(dynamic disorder) or in half the unit cells (static disorder). In
order to examine whether dynamic disorder takes place or static
one does, TDPAC measurements using '''Cd(«'"""Cd) and
"In(«<""Cd) are effective. From a PIXE/channeling experi-
ment, it is known that Cd (and also In) occupy the Li sites. If
dynamic disorder is the right phenomenon, the temperature
dependence of the quadrupole frequencies for ''"In and '"'Cd
can be quite different, since the ionic radius of Cd** (95 pm) is
so large that local dynamic disorder may be difficult to take
place. On the other hand, the ionic radius of In** (80 pm) is
comparable to that of Li* (76 pm), so that local dynamic disor-
der is not hampered. Since the bonding of In** with oxygen is
stronger due to the higher charge, local dynamic disorder might
take place at lower temperature than 7, as is suggested by the
fact that replacing a part of Li with In reduces 7¢ (e.g., Tc of
LiggIng s, TaOs is 818 K, 120 K reduction).

Typical TDPAC spectra of '"In and "'Cd in polycrystalline
LiTaO; are shown in Figures 3(a) and 3(b), respectively. The
ordinate A,,G,,(f) was obtained as follows:

N(r,1) — N(r/2,1)
N(m,t) + 2N(7/2,1)

AnGy(t) =2 (13)

The quantity Ay, is the same as A,(1)A,(2) in eq 7. The pattern
in each spectrum is modulated in a manner characteristic of a
single electric quadrupole interaction in polycrystalline sam-
ples, depending on the spin value of the intermediate nuclear
state. Since the Li site is of axial symmetry, the expected
expressions of G (¢) for "'In (I = 3/2) and '"'Cd (I = 5/2) are,
respectively,
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Figure 3. TDPAC spectra A, Gx(f) of (a) "In(«-"""Cd) and of (b)
MCd(«""™Cd) in LiTaO; at 4.2 and 1073 K with the solid curves rep-
resenting the least-squares fits of eqs 14 and 15 in the text taking into
account of @, distributions.

1
Gy = 5 [1+4cos(6wyh)], (14)
and
Gy(h) = % [T+ l7f3cos(6th) + %cos(lZth)

+ %COS(ISCOQI)], (15)

from eq 8 with E, = [3n® — I(I + 1)] 71 @y, where @y, is the quad-
rupole frequency and is defined, using the nuclear electric
quadrupole moment of the intermediate state Q and the largest
component of the electric field gradient V.. in the principal axis
system, as 71wy = eQV,, /[41(2] — 1)]. In the actual data analy-
ses, Gy (f) expressions without the assumption of axial symmetry
were used and the results were consistent with the case of axial
symmetry. Figure 4 displays the temperature dependences of
V..(lattice) at '"In and "'Cd derived from dividing the obtained
V.. by a factor (1 — 7.) for each probe, where .. is the so-called
Sternheimer antishielding factor. For comparison, also shown
in Figure 4 is the temperature dependence of V..(lattice) at "Li
obtained from "Li-NMR

As can be seen in Figure 4, the increase rate of V_.(lattice) at
""In is very large, comparable to the case of ’Li, while in the
case of '"'Cd it is small. In a certain temperature range above
Tc, V..(lattice) at ""In is constant, which is also true for the case
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Figure 4. Temperature dependences of the lattice part of V.. at 'In
(closed squares) and at "''Cd (open squares) in LiTaO; with 7¢. = 938
K, together with that for "Li in LiTaO; (Reference 8) (solid line),
which is multiplied by a factor of 4.

Figure 5. The local structure around a Li ion in the paraelectric
phase of the LiNbO;-LiTaO; system. Li is represented by the
hatched, and O by the open circles. The two upper oxygen triangles
represent a single one as being dynamically disordered.

of "Li, while in the case of '"'Cd there is no such constant region.
The existence of the constant part means that the local system
consisting of Li or In and oxygen ions is extremely stable, despite
the high temperatures. These features fit very well the idea of
dynamic disorder: Li or In of small ionic size comes closer to
the center of three oxygen ions surrounding it together with other
three oxygen ions, as the temperature increases; Above T¢, since
there is enough space among the three oxygen ions due to ther-
mal expansion, Li or In goes back and forth through this hole.
This state is considered to be a sort of resonance state of high
stability. On the contrary, Cd of large ionic size cannot move
much toward the center of the three oxygen ions and thus cannot
form a resonance state. Since the lowest temperature of the con-
stant part of V,.(lattice) at '"’In coincides with T¢, ions which
actually disorder must be oxygen, not Li or In (Figure 5).
Although we did not measure the TDPAC spectra for LiNbO; at
temperatures near 7c because of high 7¢, we expect that the sim-
ilar dynamic disorder of oxygen ions takes place also in this
material.

5.2. Local magnetic fields in the Mo layer of Mo/Fe mul-
tilayer.” Metallic multilayers consisting of ferromagnetic lay-
ers and nonmagnetic layers in alternate sequence display
interesting magnetic phenomena. Oscillatory interlayer
exchange coupling is an important example. As the nonmag-
netic-layer thickness is varied, the coupling between two ferro-
magnetic layers sandwiching a nonmagnetic layer periodically
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Figure 6. TDPAC spectra R(f) at room temperature of **Tc(<*’Mo)
in (a) Fe(10 nm)/[Mo(1.1 nm)/Fe(2.0 nm)],5, and in (b) Fe(10 nm)/
[Mo(1.3 nm)/Fe(2.0 nm)];,, with the solid curves representing the
least-squares fits of eq 16.

changes from being ferromagnetic to antiferromagenetic.
Oscillatory interlayer exchange coupling is basically under-
stood as due to the spin polarization of conduction electrons in
the nonmagnetic layer, but local information about magnetic
structure in the nonmagnetic layer is valuable.

Mo/Fe multilayer samples were prepared with the electron-
beam evaporation technique: Fe(10 nm)/[Mo(d nm)/Fe(2.0
nm)];, (designed values of the Mo layer thickness d are 0.4,
0.7, 0.9, 1.1, and 1.3), the 10-nm Fe being a buffer layer, where
the subscript indicates the number of the bilayers. These sam-
ples have bcc(110) texture and two neighboring Fe layers are
ferromagnetically coupled with each other. The parent nuclei
%Mo of the TDPAC probe *Tc were obtained by irradiating the
samples with thermal neutrons. Figure 6 displays the room-
temperature TDPAC spectra for Mo(d = 1.1 nm) and Mo(d =
1.3 nm). Assuming the perturbing fields are magnetic hyper-
fine fields, the TDPAC spectra were analyzed with the follow-
ing expression:

R(f) = [N(m,t) = N(7t/2,1)]/27"2

= %Azz z P;lay+aycos(wi ) +apcosQwi )], (16)

Here, t,,, is the half-life of the intermediate state of the TDPAC
probe, P; is the fraction of the probe nuclei perturbed by the
hyperfine magnetic fields B;, and the values of a; (j = 0-2)
depends on the orientation of the hyperfine field with respect
to the detector plane, satisfying Z a;=1. ! is the Larmor
J
frequency corresponding to B,. Different from the case of the
uniform magnetic field (see eq 1), here the term of cos(wyt)
appears in addition to cos(2wyt), because in the present case
the magnetic field is not axially symmetric. The solid curves
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TABLE 2: Hyperfine magnetic fields (B;, i = 1-4) at *Tc in
(A) Fe(10 nm)/[Mo(1.1 nm)/Fe(2.0 nm)],,, and (B) Fe(10
nm)/[Mo(1.3 nm)/Fe(2.0 nm)],,, at room temperature
obtained with TDPAC

i=1 2 3 4

Sample A B;/T 13.6(3) 7.6(10) 5.5(6) 1.3(1)

Fraction 0.2 0.2 0.2 0.4
Sample B B,/ T 1494) 9.6(4) 7008 143
Fraction 0.2 0.2 04 0.2

in Figure 6 represent the results of the fit, which are summa-
rized in Table 2. We consider that the different hyperfine fields
roughly correspond to different Mo monolayers in a Mo layer,
and that the monolayers for which the hyperfine fields are rela-
tively large are those near the Mo/Fe interfaces. In Table 2, we
note that especially the value of the hyperfine field near the
Mo/Fe interface, B;, for Mo(d = 1.3 nm) is larger than that for
Mo(d = 1.1 nm).

It is expected that the magnetization, M, in the Mo layer is a
superposition of the magnetic profiles induced by the two inter-
faces [M(x) = m(x) + m(d — x), where x is the distance from one
of the interfaces]. For large nonmagnetic layer thicknesses (d
~ 10 monolayers), the magnetization caused by spin polariza-
tion from one side of the interface can be regarded as oscillat-
ing as’

m(x) = Cx~*sin(2m/A + ¢), (17)

where A, ¢, and « are, respectively, the oscillation period of
interlayer coupling, a constant given by the electronic structure
of the interlayer material, and the attenuation parameter. The
thickness d affects coherence in the superposition of the spa-
tially oscillating magnetizations arising from the two inter-
faces. Based on this model, the difference in the magnitude of
the hyperfine field between the two Mo/Fe multilayer samples
can be ascribed to the difference of the Mo layer thicknesses.
For the present Mo(110)/Fe(110) multilayers, A is 1.2 nm and ¢
is 0 or .'° Assuming that the x dependence of B, is the same
as that of M(x), the value of the attenuation parameter o was
derived from the dependence of B, on d to be about 2. This is
in agreement with a theoretical value based on the RKKY
mechanism for Cu/Fe and Ag/Fe."" We thus tentatively con-
clude that interlayer exchange coupling is due to RKKY inter-
actions. Details of the experiments will be published
elsewhere.

5.3. Hopping motion of Ce in graphite.® Related to
TDPAC studies on Ce inside the cages of fullerenes, Cg, and
Cqo,'>" it is natural to extend the study to the cases of the other
allotropes, graphite, and diamond. When Ce exists as Ce*, it
has one 4f electron, and when Ce exists as Ce*’, it has no
unpaired electron. It is interesting to examine the state of Ce
in these materials. Both samples containing '*°Ce were pre-
pared by implanting 100-keV “°Cs ions into highly oriented
pyrolytic graphite (HOPG) and diamond samples using the iso-
tope separator installed at KUR. The nucleus “°Cs decays to
149Ba, then “’La, and finally "*°Ce.

The TDPAC spectra for diamond show that the relevant
interaction is a weak static quadrupole one, indicating that Ce
exists as Ce** and remains rest making chemical bonds with
neighboring carbons.” However, the TDPAC spectra for HOPG
are essentially of the exponential decay type, implying that Ce
ions are hopping from one of its minimum energy sites to
another. That Ce is moving in HOPG is similar to the case of
fullerenes, although for fullerenes Ce is confined in the cage.
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In order to examine the valence of Ce in graphite, a TDPAC
spectrum was obtained under an external magnetic field of
0.84 T. If Ce exists as Ce’*and has one 4f electron, the mag-
netic moment tends to be aligned with the direction of the
applied magnetic field, so that the effective magnetic field at
the Ce nucleus will be different from the external one, whereas
if Ce exists as Ce**and has no unpaired electron, such a thing
will not take place. The magnitude of a parameter of the so-
called paramagnetic correction factor deduced from the
TDPAC spectrum clearly indicates that Ce exists as Ce**. For
both cases of HOPG and fullerenes, it was thus concluded that
Ce exists as Ce™, and it is considered that this is related to the
fact that both materials are electron donors.

5.4. Hyperfine fields in a protein, mavicyanin.” The
structure around the metal site of mavicyanin, a relatively small
protein molecule with a single copper site, has been investi-
gated with '"In- or ""Cd-TDPAC. The main problem so far is
that the parent nuclei, "'"Cd or """™Cd, are hard to locate at the
copper site within a time comparable to their short half-lives
(see Table 1). Preparing mavicyanin being also not an easy
task, it is difficult to obtain TDPAC spectra with good statis-
tics. We are planning to use '''Ag as a parent nucleus to pro-
duce "'Cd.

The preliminary results so far obtained are the electric field
gradient (V,,) values determined from the TDPAC spectra at pH
6.0, 7.5, and 8.0 for a mutant-type mavicyanin, Thr15Ala-Mav,
as well as those for the wild-type. For both proteins there
seems to be an abrupt change of V_. between pH 6.0 and 7.5.
What is interesting is that the V,, values for the mutant-type
mavicyanin are smaller than the corresponding values for the
wild-type. This observation indicates that V__ is sensitive to
some structural change between the two types of mavicyanin,
related to redox potential change found for them, although their
UV-Vis spectra are identical with each other and thus do not
provide information on the structural change.
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