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Th e r adi oacti ve decay of 17 2 L u !
172 Y b app ears to be suitab le for

ti me-di ˜ere ntial p erturb ed angular correlation measurements of quadrup ole
interaction . T he technique was applied to study various phenomena in three

comp ounds : Y b3 S4 ; Y bPO4 ; Y b2 C o3 Ga9 . W e w ere able to disting ui sh b e-
tw een Y b2 + and Y b3+ ions occupying di˜erent p ositio ns in the crystal lat-
tice of Y b3 S4 . C rystal electric Ùeld parameters repro duced the temp erature

dep endence of the quadrup ole interaction of Y b in Y bPO 4 . Finally , the in-
Ûuence of hybridi zati on on the 4 f quadrup ole moment in Yb 2 C o3 Ga 9 is
evidenced.

PACS numb ers: 76.80.+ y , 75.10.Dg, 75.30.Mb

1. I n t rod uct io n

Nucl ear spectroscopic techni ques such as nucl ear m agneti c and quadrup ole
resonances and the M �ossbauer spectroscopy have pro ved to be useful in study-
ing structura l and electronic properti es of anom alous rare-earth m ateri als in a
m icroscopi c way. An appl icati on of these techni ques is l imi ted to com pounds of
certa in elements since each m etho d requi res an isoto pe wi th speciÙc properti es of
the nucl ear ground or exci ted state. At present m any experim ents are perform ed
usi ng the M�ossbauer e˜ect and nucl ear quadrup ole resonance (N QR ) wi th sev-
era l lantha nide isoto pes. On the contra ry , only f ew perturb ed angular correla ti on
(PA C) experim ents wi th rare-earth elements have been carri ed out up to now.
Over thi rty years ago, i t wa s shown [1] tha t 1 7 2 Yb fulÙlls requi rements of the PAC
techni que. However, unti l several years ago thi s isoto pe was not appl ied to studi es
of sol id state physi cs problems. Thi s arti cle characteri zes 1 7 2 Yb as a PAC probe
and presents several recent exampl es whi ch i l lustra te tha t the PAC m etho d can
successful ly answer vari ous questions about properti es of ytterbi um com pounds.
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2. T he b asis of P A C

In the perturb ed angular correl ati on techni que a hyp erÙne intera cti on is
observed thro ugh quantum beats in the angular distri buti on of Û rays emi tted by
a radioacti ve probe nucl eus. A cascade of two consecuti ve Û rays is observed by
detecto rs, whi ch are arra nged under Ùxed angles. An event is counted when a pai r
of detecto rs registers both Û quanta . The counts are col lected wi th respect to the
ti m e whi ch elapsed f rom the Ùrst to the second emission, tha t is the ti m e when
the nucl eus is in the interm ediate state of the cascade and evolves in an externa l
hyp erÙne Ùeld. The numb er of coincidences decreases wi th the delay ti me in the
fol lowi ng way:

N ( ˚ ; t ) = N 0 exp( À t =§ ) [ 1 + 2 2 2 2 2 cos (1)

where is the angle between detecto rs, is the l i feti m e of the interm ediate level
in the cascade, 2 i s the second Legendre polyno mia l, 2 2 i s the anisotro py of
the cascade. The perturba ti on factor 2 2 conta ins al l relevant inform ati on on
typ e and streng th of the hyp erÙne intera cti on. T o extra ct 2 2 the detecto rs
are arra nged under angles of and and the fol lowi ng experim enta l ra ti o is
calculated:

2 2 2 2 (2)

For a stati c, electri c quadrup ole intera cti on 2 2 i s an oscil lati ng functi on, the
quadrup ole coupl ing consta nt , where is the quadrup ole mom ent
of the interm ediate nucl ear state, and is the m ain com ponent of the electri c Ùeld
gradi ent (EF G) acti ng upon the nucl eus. The shape of 2 2 depends on the spin
of the nucl ear level and asym m etry param eter . Perturba ti on
facto rs for di ˜erent asym metry param eters, for spins and are shown
in Fi g. 1. Com plete overvi ews of the PAC theo ry and techni que were presented in
R efs. [2] and [3].
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3. 1 7 2 Yb as a PA C pr obe

The choice of 1 7 2 Yb was im posed by requi rem ents, whi ch have to be m et
by a probe in ti m e-di ˜erenti al perturb ed angular correl ati on m easurem ents. T o be
a good PAC probe a nucl eus needs an exci ted state wi th hal f-l i fe of the order of
nanoseconds, wi th a spin greater tha n 1/ 2 and wi th a nonzero quadrup ole m oment.
A cascade of gamm a rays going thro ugh thi s state should have signi Ùcant intensi ty
and anisotro py. Fi na l ly, an easy pro ducti on of the isotope is requi red. Am ong al l
isoto pes of al l rare-earth elements, the 172Lu !

172 Yb decay is the only one,
whi ch m eets the above requi rem ents in the way making routi ne m easurem ents
possible. Two di ˜erent ÛÀ Û cascades can be used: 91{ 1094 keV and 1094{ 79 keV.
In T able I basic data about both cascades are gathered and a compari son wi th the
m ost com monl y used 11 1In !

111Cd decay in PAC studi es is presented.

T ABLE I

C omparison of 111 In 111 Cd and Lu Y b PA C prob es.

172 Lu 172 Y b 111 I n 111 Cd

source 6.7 d 2.8 d

pro ductio n Y b(d, 2n ) Lu A g( ,2n) I n

numb er of lines in decay 101 2

cascade 91{109 4 keV 1094{79 keV 171{245 keV

intensities of lines 4.5{63 % 63{10% 90- 94%

intermediate level 8.3 ns 1.65 ns 84.5 ns

spin 3 2 5/2

quadrup ol e moment {3. 0(1) b {2. 21(6) b 0. 77(12) b

magnetic moment 0.65(4) 0.69(16) 0. 766(2)

anisotropy + 0.28 {0. 38 {0. 18

e£ciency 660 400 130000

The luteti um acti vi ty can be obta ined by deutero n or pro to n i rra diati on of a
sam ple, whi ch conta ins ytterbi um . A conveni ent hal f-l i fe of 1 7 2 Lu al lows carryi ng
out the PAC m easurements up to several weaks after i rra diati on. The e£ ciency

2 2 1 2 1 2 gives inform ati on about the qual ity of a cascade. The energy
spectrum of natura l Yb i rra diated wi th 14 MeV deutero ns (see Fi g. 2) shows a great
num ber of l ines. The l ines 79 and 91 keV are clearly vi sible in the spectrum ta ken
wi th a semiconducto r detecto r but they are to ta l ly covered by the background in
the spectrum ta ken wi th a scinti l lato r detecto r tha t has to be used in the PAC
apparatus. It increases signi Ùcantl y the background of delayed coincidences and
resul ts in a decrease in the e˜ecti ve anisotro py.

The big di ˜erence between energies of tw o rays in both cascades forces to
use di ˜erent detecto rs. In our setup two BaF 2 3 mm thi ck crysta ls were used to
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Fig. 2. Energy spectrum of Y b4 A s3 , 7 days af ter deuteron irradiati on observed w ith

scintilla tion and semiconductor detectors. Dashed lines show chosen energy w indow s.

detect the 79 and 91 keV l ines, whi le tw o 5 0 ¢ 5 0 m m thi ck BaF 2 crysta ls shielded
wi th 1 mm Pb, Cd, and Cu foi ls were used to detect the 1094 keV l ine. As a
consequence, onl y four pai rs of counters col lected only four PAC spectra , whi le
twel ve spectra wo uld be col lected in a setup consisti ng of four identi cal detecto rs.

On the other hand, simi lar energies of 79 and 91 keV l ines m ake i t possible
to col lect spectra for both cascades sim ul ta neously. One of four PAC ti me spectra
is shown in Fi g. 3 to gether wi th extra cted perturba ti on facto r R ( t ) below. D ecays
of both exci ted levels are seen on the left and right sides of t = 0 . The shapes of
the perturba ti on factor di ˜er from each other because of di ˜erent nucl ear spi ns,
but the obta ined hyp erÙne Ùelds are the same. The com pari son of EFG s obta ined
sim ulta neously from tw o di ˜erent cascades is a very good test whether al l spectra
were correctl y Ùtted.

Ytterbi um compounds can be successful ly investigated wi th the M�ossbauer
e˜ect using 1 7 0 Yb [4]. In T able I I a short compari son of adv anta ges and l imi ta tio ns
of both techni ques is presented. These two m etho ds com plement one another. At
low tem peratures, where V can reach big values (up to about 600 V/ ¡A 2 ), the
M�ossbauer spectroscopy (M S) can be used. At hi gh tem peratures, where is
usual ly smal l , onl y PAC is usabl e.

In rare-earth com pounds the EFG tensor ori ginates from two signi Ùcant
sources. The Ùrst contri buti on arises, at the nucl ear site of a rare-earth ion, f rom
charges of the surro undi ng ions in the latti ce. The second one is pro vi ded by the
own electro ns of the pro be ion, i.e. by the non-spheri cal shell

4 (3)

The latti ce contri buti on is practi cal ly tem perature independent, neglecting a small
decrease wi th tem perature due to a latti ce expansion and therm al vi brati ons. By
contra st, the electro n contri buti on usual ly strongly depends on tem perature.
It is determ ined by the electronic state of the ion. The param agneti c Yb 3 + ion
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Fig. 3. PAC time spectrum and extracted p erturbation factors taken w ith 1 72 Y b prob e

in Y b2 O 3 at T = 29 5 K .

T ABLE I I

A dv antages (+ ) and limitati ons ({) of the 17 0 Y b M �ossbauer spectroscopy and
172 Y b PA C.

PA C w ith 172 Y b MS w ith 170 Y b

+ sensitivi ty indep enden t of temp erature { temp eratures only up to 80 K

+ good sensitivi ty to EFG ( 5 V = ¡A 2) { w eak sensitivi ty to EFG (20 V / ¡A 2 )

À V z z limited up to about 300 V / ¡A 2 + V z z w ithout limits

{ sign of V z z cannot b e determined + sign of V z z can be measured

has an incom plete 4 shell wi th one hole in i t. In sol ids, the crysta l electri c Ùeld
(CEF) spl its the 2

7 2 ground state into 4 Kra m ers doublets wi th a typi cal overal l
spl itti ng of the order of a few hundred kel vi ns. Each occupied doubl et gives
i ts own, di ˜erent contri buti on to the EFG at the nucl eus. The average EFG is
exp ected to vary stro ngly wi th tem perature accordi ng to the varyi ng Bol tzm ann
occupati on of the Kra m ers doubl ets. At low tem peratures, when the ion is in i ts
lowest energy state, the contri buti on is usual ly dom inant. At the l imi t of high
tem peratures, when al l Kra m ers states are equal ly popul ated, the contri buti on
vani shesand only the latti ce contri buti on is present.

A diam agneti c Yb 2 + ion has a com pletel y Ùlled shell, and thus there is
no contri buti on from electro ns to the EFG . The observed EFG resul ts enti rel y
from the latti ce charges and is exp ected to be alm ost constant wi th tem perature.
A measurement of the tem perature dependence of the EFG is theref ore a m eans
to obta in inf orm ati on on the Yb ion charge state. An exam ple is given in the next
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secti on. Further exam ples can be f ound in Refs. [5, 6].

5 . Yb ch ar ge st at es in Yb 3 S4

The Yb sulÙde, Yb 3 S4 , is kno wn to be a hetero geneous mixed- va lence sys-
tem conta ini ng Yb 3 + and Yb 2 + ions. Such a concl usion was dra wn al ready f rom
crysta l lographi c measurements [7]. In the crysta l structure of Yb 3 S4 , the ytter-
bi um ions occupy three inequi valent sites. The analysis of distances between Yb
sites and the nearest sulfur ato m s allows in thi s case to disti nguish divalent f rom
tri valent ions. Recentl y thi s com pound has aroused renewed interest because of the
observati on of Ko ndo-l ike low temperature speciÙc heat properti es [8], whereas i ts
opti cal properti es [9] and resistivi ty [10] are as tho se of a semiconducto r wi th a
gap of 0.4 eV.

R adioacti ve 1 7 2 Lu wa s pro duced di rectl y in the sam ple of Yb 3 S4 duri ng
20 MeV proto n beam irra diati on. The source was sealed in a quartz tub e in vacuum
and annealed at 700 K to rem ove i rradi ati on defects. The PAC m easurements were
perform ed in the temperature range f rom 20 to 700 K usi ng a standa rd, slow-fast
coincidence setup wi th four detecto rs.

Al l Yb sites in Yb 3 S4 ha ve a point sym m etry lower tha n axi al , thus the
electri c Ùeld gradi ent tensor at each site has to be described by two param eters,
V z z and ² . Accordi ng to crysta l structure al l PAC spectra were Ùtted assuming
tha t the perturba ti on factor R ( t ) i s a sum of three com ponents wi th equal weights.
The therm al vari ati ons of the quadrup ole intera cti on constant (pro porti onal to
V z z ) for the three com ponents are shown in Fi g. 4. For the com ponent labelled
wi th open sym bols, Vz z i s alm ost tem perature independent, whi ch corresponds to
di amagneti c Yb 2 + ions. For the two rem aining components, labelled wi th solid
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sym bols, V z z varies wi th tem perature, whi ch points to a Yb 3 + charge state in the
two latti ce sites. A m axi mum observed around 150 K for one curve is attri buted to
a hybri dizati on in one Yb 3 + subl atti ce (see the last secti on for further expl anati on).

The m ixed valence of Yb ions in Yb 3 S4 is also vi sibl e from the M�ossbauer
spectra ta ken in the anti ferromagneti cal ly ordered phase [11]. Below T N = 1:2 K,
a Ùve-l ine m agneti c hyp erÙne component develops, coexi sting wi th the quadrup ole
bro adened sing le l ine. The relati ve percentage of the m agneti c com ponent is 65(2)%,
showi ng tha t two out of three Yb nucl ei per form ula uni t experience a hyp erÙne
Ùeld, so two out of three Yb ions are tri valent.

6 . C EF in Ûuence on EF G

In some cases the tem perature dependence of EFG for Yb 3 + ions can be
described quanti ta ti vely. The crysta l electri c Ùeld unam biguousl y determ ines the
V z z ( T ) functi on. The CEF Ham i lto ni an can be wri tten in equivalent operato r
form al ism [12] as

(4)

where are the Stevens operato rs expressed by orbi ta l mom entum operato rs
2 , and are num erical coe£ ci ents. The num ber of nonzero coe£ cients

in the sum depends on the point sym metry of the ion in the crysta l latti ce. The
EFG produced by the shell in a state can be calculated as

4 4 2 (5)

where the pro porti onal i ty factor between the quadrup ole m oment of the shell
and the EFG pro duced by the shell for Yb 3 + [13, 14] is equal to

4 V ¡A (6)

The average electri c Ùeld gradient at tem perature is the Bol tzm ann average of
al l levels

4 4 exp exp (7)

where and denote eigenvalues and eigenvectors of the Ham i l to nian.
The latti ce gradi ent can be l inked wi th param eters as well . W hen 2

2 and
2
2 coe£ cients vanish, and ' s are expressed in kel vi ns, a sim ple relati on is

exp ected [14]
0
2 V ¡A K for Yb + (8)

The big uncerta inty of is connected wi th the Sternchei mer anti shielding factors

2 whi ch depend on the state of shell and can be preci sely
calculated only for di amagneti c Yb 2 + ions. The PAC m easurements in YbPO 4

wi l l i l lustra te how the above theo ry works in practi ce.
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7. Cr ys t a l el ect r i c Ùeld in Yb PO 4

The PAC m easurements were perf orm ed in the temperature range 78{ 1000K.
Exa m ples of spectra for the 91{ 1094 keV and 1094{ 79 keV cascades are shown in
Fi g. 5. The YbPO 4 crysta ll izes in a tetra gonal latti ce wi th a zircon structure. Al l

Fig. 5. PA C spectra measured in Y bPO 4 using tw o ÛÀ Û cascades: left panels |

91{1094 keV , right panels | 1094{79 keV . Solid lines are Ùts w ith theoretical G 22 ( t ) for

quadrup ole interaction.

rare-earth ions in the crysta l occupy equivalent positi ons of D 2 d point sym m etry ,
so the electri c Ùeld gradient is axi al ly sym m etri c and ² i s exp ected to be equal
to zero. Al l spectra can be sati sfactori ly Ùtted assuming tha t al l Yb nucl ei are
exp osed to the same, axi al ly sym metri c electri c Ùeld gradi ent. The tem perature
dependence of V z z i s shown in Fi g. 6. The sign of V was determ ined from the MS

Fig. 6. Temp erature dependence of EFG in Y bPO 4 . T he solid line is the dependence

calculated from know n C EF coe£cients (see text).

m easurements at 4.2 K [15]. In the 2 sym m etry Ùve independent param eters
describe the CEF intera cti on and
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Mo reover, these param eters are kno wn for YbPO 4 from inelastic neutro n scatteri ng
m easurements [16, 17] and

B 0
2

= 7 : 6 ; B 0
4

= 0 : 0 5 3 ; B 4
4

= 1 : 6 7 0
6

4
6

K (10)

The exci ted levels are located 140, 370, and 500 K above the ground state. The
sol id l ine in Fi g. 6 is calcul ated on the basis of the above coe£ cients. Onl y
the two pro porti onal ity f actors were Ùtted and the obta ined values

4 V ¡A and 9 4 5 V ¡A K (11)

are very close to theo reti cal predi cti ons (6) and (8) and they are m ore preci se.

In som e interm etall ic com pounds of Yb, the hybri dizati on between and
conducti on electro ns leads to anomalies in the speciÙc heat and susceptibi l i ty [18].
W hi le the magneti c Yb 3 + ion has a nonzero spi n , the screening conducti on
electrons can create a non-magneti c ground state in whi ch the system does not
order even at very low tem perature. The m agneti c susceptibi l ity whi ch is expected
to be independent of tem perature at low tem peratures, is often enhanced com pared
to the ordi nary Paul i param agneti sm of meta ls. A large electroni c heat capacity
yi elds a large Somm erfeld coe£ cient.

The hybri di zati on in the m oderate heavy ferm ion com pounds can renorm al -
ize the CEF intera cti on, so it inÛuencesthe electri c Ùeld gradi ent. The intera cti on
bro adens the Kra mers doublets, whi ch gradually overl ap each other. Since the sum
of quadrup ole m oments of a ll CEF levels is equal to zero, the hybri di zati ons leads
to reducti on of the contri buti on to the EFG . A non-monoto nic therm al vari ati on
of 4 is expected even i f the pure CEF intera cti on gives a stri ctl y m onoton-
ically decreasing curve. Such a behavi or wa s al ready observed in YbCu 2 Si 2 [13]
and YbPd 2 Si 2 [19] com pounds using the M�ossbauer absorpti on wi th 1 7 4 Yb and
1 7 0 Yb pro bes and described theo reti cal ly by Zevin et al. [20].

2 3 9

The electroni c state of Yb ion in Yb 2 Co3 Ga 9 i s strongly hybri di zed
wi th the conducti on electron band states, wi th a valency close to 2.9 as deter-
m ined by -edge X- ray absorpti on m easurements. The Som merfeld coe£ cient

mJ/ (m ol K 2 ), whi ch m eans tha t we have a moderate heavy ferm ion sys-
tem [21]. The therm al vari atio n of the heat capacity , Paul i paramagneti c ground
state, and therm al vari ati on of suscepti bi l i ty wi th a m axi mum around 50 K are
wel l expl ained in the single-ion Co qbl in{ Schri e˜er l imi t [22, 23] of the im puri t y
spi n , wi th a characteri sti c Kondo scale 0 K [21].

The PAC m easurem ents in Yb 2 Co3 Ga9 were perform ed in the range from 20
to 1000 K. Yb 2 Co3 Ga9 has ortho rho mbi c crysta l structure of Y 2 Co3 Al 9 -typ e wi th
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Fig. 7. Temp erature dep endence of EFG in Y b2 Co3 Ga 9 measured by 172 Y b PAC (solid

p oints) and 170 Y b MS (op en points).

a uni que Yb site of low sym metry . The asym metry param eter is measurable be-
low 500 K and is found to be almost constant ² ¤ 0 : 2 . The therm al vari ati on of
V z z i s shown in Fi g. 7 by solid points. Op en points in the Ùgure ori ginate f rom
the M�ossbauer absorpti on m easurements in the tem perature range from 4.2 to
100 K [24]. Both metho ds give the sam e values of V z z in overl appi ng regions of
tem perature. A clearl y vi sible m axi mum whi ch is observed in the V z z depen-
dence around 50 K is the e˜ect of hybri dizati on.

The appl icati on of Yb in the techni que of perturb ed angul ar correla ti on
o˜ers possibi l ity to study hyp erÙne intera cti ons of Yb- based compounds. Basic
characteri sti cs of thi s isotope as PAC probe were given. Vari ous phenomena can
be observed by measuri ng electri c Ùeld gradients in Yb- based com pounds. In Yb S
i t was possible to di ˜erenti ate between Yb and Yb ions whi ch create a het-
erogeneous m ixed- valence system . The crysta l electri c Ùeld inÛuence on the EFG
wa s quanti ta ti vely described in YbPO . Fi nal ly, an exampl e of the reducti on of
the quadrup ole moment by the hybri di zati on in Yb Co Ga was presented.
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