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Use of radioactive isotopes in Use of radioactive isotopes in 
ISOLDE Solid State PhysicsISOLDE Solid State Physics

-- Detect nuclear radiation to quantify impurities:Detect nuclear radiation to quantify impurities:
⇒⇒ Radiotracer DiffusionRadiotracer Diffusion

-- Decay particles transmit information with atomic resolution:Decay particles transmit information with atomic resolution:
⇒⇒ Emission Channeling (EC)Emission Channeling (EC)
⇒⇒ Perturbed Angular Correlation (PAC)Perturbed Angular Correlation (PAC)
⇒⇒ MMöössbauerssbauer Spectroscopy (MS)Spectroscopy (MS)
⇒⇒ (Beta Nuclear Magnetic Resonance (Beta Nuclear Magnetic Resonance ββ--NMR, NMR, no longer activeno longer active……))

-- Identify spectroscopic signals via isotope half life:Identify spectroscopic signals via isotope half life:
⇒⇒ Photoluminescence (PL)Photoluminescence (PL)
⇒⇒ Deep Level Transient Spectroscopy (DLTS,Deep Level Transient Spectroscopy (DLTS, new setup in 2006new setup in 2006))
⇒⇒ Hall effect (Hall effect (new setup in 2006new setup in 2006))

At ISOLDE often several of these methods are used in At ISOLDE often several of these methods are used in 
combinationcombination



ISOLDE Solid State Physics ExperimentsISOLDE Solid State Physics Experiments

IS425: Radioactive probes on 
ferromagnetic surfaces

IS325: Combined electrical, optical and nuclear investigations 
of impurities and defects in IIII--VI semiconductorsVI semiconductors

IS368: Lattice location of transition metals in semiconductorssemiconductors
IS369: Acceptors in IIII--VI semiconductorsVI semiconductors - incorporation and complex formation
IS391: Radiotracer spectroscopy on group II acceptors in GaNGaN
IS396: Doping properties of fferromagneticerromagnetic ssemiconductorsemiconductors investigated 

by the hyperfine interaction of implanted radioisotopes 
IS401: SemiconductorSemiconductor spectroscopy with short lived isotopes
IS416: Production of rare earth isotope beams 

for radiotracer-DLTS on SiCSiC
IS426: Mn and Fe impurities in SiSi(1(1--x)x)GeGe(x)(x) alloys 
IS432: Diffusion of 52Mn in GaAsGaAs

SemiconductorsSemiconductors

HighHigh--TTcc superconductors superconductors 
(oxides)(oxides)

IS360: Studies of High-Tc
superconductors doped
with radioactive isotopes 

CMR manganitesCMR manganites
(oxides)(oxides)

IS390: Studies of Colossal 
Magneto- Resistive oxides
with radioactive isotopes 

Metal surfacesMetal surfaces



ISOLDE Solid State Physics ExperimentsISOLDE Solid State Physics Experiments

IS425: Radioactive probes on 
ferromagnetic surfaces

ASPIC experimentASPIC experiment

IS325: Combined electrical, optical and nuclear investigations 
of impurities and defects in II-VI semiconductors 

IS368: Lattice location of transition metals in semiconductors
IS369: Acceptors in II-VI semiconductors - incorporation and complex formation
IS391: Radiotracer spectroscopy on group II acceptors in GaN 
IS396: Doping properties of ferromagnetic semiconductors investigated 

by the hyperfine interaction of implanted radioisotopes 
IS401: Semiconductor spectroscopy with short lived isotopes
IS416: Production of rare earth isotope beams 

for radiotracer-DLTS on SiC 
IS426: Mn and Fe impurities in Si(1-x)Ge(x) alloys 
IS432: Diffusion of 52Mn in GaAs 

Semiconductors

High-Tc superconductors 
(oxides)

IS360: Studies of High-Tc
superconductors doped
with radioactive isotopes 

CMR manganites
(oxides)

IS390: Studies of Colossal 
Magneto- Resistive oxides
with radioactive isotopes 

Metal surfacesMetal surfaces
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111Cd  Probe on Ni(001)

Subst. Terrace Site
NN = 8

Free Kink Site
NN = 6

Adatom site
NN = 4 Subst. Step Site

NN = 7

Free Step Site
NN = 5

Impurity Atoms at Various Sites
on a Surface (001)

Magnetism on Magnetism on ferromagnetic ferromagnetic surfacessurfaces

Different adatom sites can be prepared via Different adatom sites can be prepared via 
deposition and anneal temperaturedeposition and anneal temperature

⇒⇒ allows systematic studies of magnetic hyperfine fields allows systematic studies of magnetic hyperfine fields BBHFHF
at different sites by means of PACat different sites by means of PAC
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Magnetic
Hyperfine Fields
at 111Cd     
on Ni Surfaces

Coordination Number

1968

PRL 88, 247201 (2002)
Theory: Mavropoulos et al. PRL 81, 1506 (1998)
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K. Potzger et al, Phys. Rev. Lett. 88 (2002) 247201K. Potzger et al, Phys. Rev. Lett. 88 (2002) 247201BBHFHF parabolic function parabolic function 
of coordination numberof coordination number



ISOLDE Solid State Physics ExperimentsISOLDE Solid State Physics Experiments

IS425: Radioactive probes on 
ferromagnetic surfaces

IS325: Combined electrical, optical and nuclear investigations 
of impurities and defects in II-VI semiconductors 

IS368: Lattice location of transition metals in semiconductors
IS369: Acceptors in II-VI semiconductors - incorporation and complex formation
IS391: Radiotracer spectroscopy on group II acceptors in GaN 
IS396: Doping properties of ferromagnetic semiconductors investigated 

by the hyperfine interaction of implanted radioisotopes 
IS401: Semiconductor spectroscopy with short lived isotopes
IS416: Production of rare earth isotope beams 

for radiotracer-DLTS on SiC 
IS426: Mn and Fe impurities in Si(1-x)Ge(x) alloys 
IS432: Diffusion of 52Mn in GaAs 

Semiconductors

HighHigh--TTcc superconductors superconductors 
(oxides)(oxides)

IS360: Studies of High-Tc
superconductors doped
with radioactive isotopes 

CMR manganites
(oxides)

IS390: Studies of Colossal 
Magneto- Resistive oxides
with radioactive isotopes 

Metal surfaces
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IS360: HighIS360: High--TTcc superconductors studied by PACsuperconductors studied by PAC

→→““Studying Studying 
atomic order atomic order 

of oxygen of oxygen 
dopantsdopants in in 

highhigh--TTcc
superconductorssuperconductors””

Tania Tania MendonMendonççaa
17:35 h17:35 h



ISOLDE Solid State Physics ExperimentsISOLDE Solid State Physics Experiments

IS425: Radioactive probes on 
ferromagnetic surfaces

IS325: Combined electrical, optical and nuclear investigations 
of impurities and defects in II-VI semiconductors 

IS368: Lattice location of transition metals in semiconductors
IS369: Acceptors in II-VI semiconductors - incorporation and complex formation
IS391: Radiotracer spectroscopy on group II acceptors in GaN 
IS396: Doping properties of ferromagnetic semiconductors investigated 

by the hyperfine interaction of implanted radioisotopes 
IS401: Semiconductor spectroscopy with short lived isotopes
IS416: Production of rare earth isotope beams 

for radiotracer-DLTS on SiC 
IS426: Mn and Fe impurities in Si(1-x)Ge(x) alloys 
IS432: Diffusion of 52Mn in GaAs 

Semiconductors

High-Tc superconductors 
(oxides)

IS360: Studies of High-Tc
superconductors doped
with radioactive isotopes 

CMR manganitesCMR manganites
(oxides)(oxides)

IS390: Studies of Colossal 
Magneto- Resistive oxides
with radioactive isotopes 

Metal surfaces
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→→ ““Local probe studies Local probe studies 
near the charge order and near the charge order and 

magnetic transitions magnetic transitions 
in Prin Pr11--xxCaCaxxMnOMnO33””

Vitor AmaralVitor Amaral 16:55 h16:55 h

Unusual phase Unusual phase 
transitions in transitions in 

LaMnOLaMnO3.123.12



ISOLDE Solid State Physics ExperimentsISOLDE Solid State Physics Experiments

IS425: Radioactive probes on 
ferromagnetic surfaces

IS325: Combined electrical, optical and nuclear investigations 
of impurities and defects in II-VI semiconductors

IS368: Lattice location of transition metals in semiconductors
IS369: Acceptors in IIIS369: Acceptors in II--VI semiconductors VI semiconductors -- incorporation and complex formationincorporation and complex formation
IS391: Radiotracer spectroscopy on group II acceptors in GaN 
IS396: Doping properties of ferromagnetic semiconductors investigated 

by the hyperfine interaction of implanted radioisotopes 
IS401: Semiconductor spectroscopy with short lived isotopes
IS416: Production of rare earth isotope beams 

for radiotracer-DLTS on SiC 
IS426: Mn and Fe impurities in Si(1-x)Ge(x) alloys 
IS432: IS432: Diffusion of Diffusion of 5252Mn in Mn in GaAsGaAs

SemiconductorsSemiconductors

High-Tc superconductors 
(oxides)

IS360: Studies of High-Tc
superconductors doped
with radioactive isotopes 

CMR manganites
(oxides)

IS390: Studies of Colossal 
Magneto- Resistive oxides
with radioactive isotopes 

Metal surfaces

2 experiments studying diffusion2 experiments studying diffusion



IS369: Acceptors in IIIS369: Acceptors in II--VI semiconductorsVI semiconductors
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Very unusual symmetrical Very unusual symmetrical 
diffusion profilediffusion profile

→→ ““First observation of new diffusion phenomena First observation of new diffusion phenomena 
in in CdTeCdTe””,            Frank Wagner 17:50 h,            Frank Wagner 17:50 h

H. Wolf H. Wolf et alet al, Phys. Rev. , Phys. Rev. LettLett 94 (2005) 12590194 (2005) 125901

The The ““unusualunusual”” diffusion of diffusion of 111111AgAg inin CdTeCdTe



-- Make progress in moving to a new Solid State Physics lab Make progress in moving to a new Solid State Physics lab 
(building 115, currently housing the ISOLDE user(building 115, currently housing the ISOLDE user’’s workshop)s workshop)

⇒⇒ cleaner and safer working conditionscleaner and safer working conditions

Solid State Physics plans for 2006/2007:Solid State Physics plans for 2006/2007:

How will this new equipment be used?How will this new equipment be used?

•• new setup for new setup for onon--line emission channelingline emission channeling ((GGööttingenttingen))
(position(position--sensitive CCD detector for very low energy electrons)sensitive CCD detector for very low energy electrons)

•• permanent permanent DLTSDLTS setup (Jena)setup (Jena)
•• onon--line tracer diffusionline tracer diffusion setup for shortsetup for short--lived isotopes (lived isotopes (SaarbrSaarbrüückencken))
•• permanent permanent Hall effectHall effect setup (setup (SaarbrSaarbrüückencken))
•• GeGe detectordetector for for γγ spectroscopy (characterization of isotopic purity )spectroscopy (characterization of isotopic purity )
•• highhigh--vacuum evaporatorvacuum evaporator for electrical contacts, for electrical contacts, SchottkySchottky diodesdiodes

→→ ““Lattice location of Ag in SrTiOLattice location of Ag in SrTiO33 and and 
new developments in positionnew developments in position--sensitive sensitive 

detectors for emission channelingdetectors for emission channeling””
Ana Claudia Marques 17:15 hAna Claudia Marques 17:15 h

-- New equipment to be installed:New equipment to be installed:
•• new setup for new setup for onon--line emission channelingline emission channeling (Lisbon)(Lisbon)

(fast position(fast position--sensitive pad detector suitable for sensitive pad detector suitable for ββ−−))



ISOLDE Solid State Physics ExperimentsISOLDE Solid State Physics Experiments

IS425: Radioactive probes on 
ferromagnetic surfaces

IS325: Combined electrical, optical and nuclear investigations 
of impurities and defects in II-VI semiconductors

IS368: Lattice location of transition metals in semiconductorsIS368: Lattice location of transition metals in semiconductors
IS369: Acceptors in IIIS369: Acceptors in II--VI semiconductors VI semiconductors -- incorporation and complex formationincorporation and complex formation
IS391: Radiotracer spectroscopy on group II acceptors in GaN 
IS396: Doping properties of ferromagnetic semiconductors investigated 

by the hyperfine interaction of implanted radioisotopes 
IS401: IS401: Semiconductor Semiconductor sspectroscopypectroscopy with with sshorthort llivedived iisotopessotopes
IS416: Production of rare earth isotope beams 

for radiotracer-DLTS on SiC 
IS426: IS426: MnMn and Fe impurities in and Fe impurities in SiSi(1(1--x)x)GeGe(x)(x) alloysalloys
IS432: Diffusion of 52Mn in GaAs 

SemiconductorsSemiconductors

High-Tc superconductors 
(oxides)

IS360: Studies of High-Tc
superconductors doped
with radioactive isotopes 

CMR manganites
(oxides)

IS390: Studies of Colossal 
Magneto- Resistive oxides
with radioactive isotopes 

Metal surfaces

4 experiments will present new 4 experiments will present new 
proposals in 2006proposals in 2006



ISOLDE Solid State Physics ExperimentsISOLDE Solid State Physics Experiments

IS425: Radioactive probes on 
ferromagnetic surfaces

IS325: Combined electrical, optical and nuclear investigations 
of impurities and defects in II-VI semiconductors

IS368 IS368 →→ Emission channeling lattice location of shortEmission channeling lattice location of short--lived isotopeslived isotopes
IS391: Radiotracer spectroscopy on group II acceptors in GaN 
IS396: Doping properties of ferromagnetic semiconductors investigated 

by the hyperfine interaction of implanted radioisotopes 
IS401+369 IS401+369 →→ Diffusive, structural, optical, and electrical properties Diffusive, structural, optical, and electrical properties 

of defects in semiconductorsof defects in semiconductors
IS416: Production of rare earth isotope beams 

for radiotracer-DLTS on SiC 
IS426 IS426 →→ MMöössbauerssbauer studies of dilute magnetic semiconductorsstudies of dilute magnetic semiconductors
IS432: Diffusion of 52Mn in GaAs 

SemiconductorsSemiconductors

High-Tc superconductors 
(oxides)

IS360: Studies of High-Tc
superconductors doped
with radioactive isotopes 

CMR manganites
(oxides)

IS390: Studies of Colossal 
Magneto- Resistive oxides
with radioactive isotopes 

Metal surfaces

3 new proposals in 20063 new proposals in 2006

Some of the Some of the 
physics in the new physics in the new 

proposals: proposals: ……



wurtzite semiconductor with band gap of 3.4 wurtzite semiconductor with band gap of 3.4 eVeV

very similar to GaN but with superior optical propertiesvery similar to GaN but with superior optical properties

large single crystals availablelarge single crystals available

Major problemMajor problem

all all undopedundoped crystals are crystals are nn--type type 
(vacancies, interstitials, other defects, impurities?)(vacancies, interstitials, other defects, impurities?)

pp--doping extremely difficultdoping extremely difficult

In the focus: Zinc OxideIn the focus: Zinc Oxide

Nichia Co. 
Japan

GaN blue laser

Why not yet in ZnO?



The difficulties in The difficulties in pp--type doping of ZnOtype doping of ZnO

Candidates for Candidates for ““conventionalconventional”” acceptors:acceptors:
N, P, N, P, AsAs, , SbSb Group V  on SGroup V  on SOO
LiLi, , NaNa, , KK,, RbRb Group Ia  on SGroup Ia  on SZnZn
CuCu, , AgAg Group Ib  on SGroup Ib  on SZnZn

lattice location already studied at ISOLDElattice location already studied at ISOLDE

lattice location experim. foreseen > 2006lattice location experim. foreseen > 2006

Most likely not! Most likely not! 
It prefers Zn sites... It prefers Zn sites... 

ExampleExample: : 

Can As be an SCan As be an SOO acceptor in ZnO?acceptor in ZnO?



IS368: IS368: 7373AsAs as an as an ““antianti--sitesite”” impurity in impurity in ZnOZnO
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IS401: Nature of donors and acceptors inIS401: Nature of donors and acceptors in ZnOZnO

Some questions related to AsSome questions related to As: : 

-- We know As occupies Zn sites, i.e. is it a triple donor?We know As occupies Zn sites, i.e. is it a triple donor?

-- Acceptor character of As has been reported in the Acceptor character of As has been reported in the 
literature. Is it an literature. Is it an ““unconventionalunconventional”” acceptor on Zn sites?acceptor on Zn sites?

Example: Example: 

Ga Ga donorsdonors

Ge Ge double donorsdouble donors

planned for As as wellplanned for As as well

⇒⇒ investigate nature of (multiple) donors or investigate nature of (multiple) donors or 
acceptors by means of their bound acceptors by means of their bound excitonexciton (BE) (BE) 
lines using photoluminescence (PL)lines using photoluminescence (PL)

diffusion diffusion

donor

acceptor

conduction band

valence band

ex
ci
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tio

n

Photoluminescence
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A longA long--standing problem (>40 yrs) is standing problem (>40 yrs) is 
their chemical identity. Associated with their chemical identity. Associated with 
donors, therefore implant Zn and Ga donors, therefore implant Zn and Ga 
which decay to single and double donors which decay to single and double donors 
respectively: see if any signal associated respectively: see if any signal associated 
with implanted isotopes. with implanted isotopes. 
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Experiment:
Implant, then 
PL @ APRIL SingleSingle Double donorDouble donor

Decay of Ga feature: Decay of Ga feature: 
neutral donorneutral donor

Growth of Ge feature: Growth of Ge feature: 
11stst double donor in ZnOdouble donor in ZnO

Decay of 2Decay of 2ndnd Ga Ga 
feature: ionized donor feature: ionized donor 

Fits to data Fits to data 
goodgood

First direct observation of First direct observation of GGaa acting as acting as neutralneutral and and ionized donor ionized donor 
First observation of First observation of GeGe as as double donordouble donor

IS401: Bound IS401: Bound exciton exciton lines in lines in ZnOZnO

K. Johnston K. Johnston et alet al, submitted to Phys. Rev. B, submitted to Phys. Rev. B



ZnO, GaN and SpintronicsZnO, GaN and Spintronics
•• Transition metal (TM) doped ZnO and GaN are dilute magnetic Transition metal (TM) doped ZnO and GaN are dilute magnetic 

semiconductors (room temperature ferromagnetism) for possible semiconductors (room temperature ferromagnetism) for possible 
applications in spintronics, e.g.applications in spintronics, e.g.

ZnZn11--xxTMTMxxOO or     Gaor     Ga11--xxTMTMxxN N TM=Cr, Mn, Co, Ni, Fe... TM=Cr, Mn, Co, Ni, Fe... 
xx ≈≈ 0.010.01--0.100.10

–– Curie temperatures Curie temperatures TTcc as high as 550 K reported as high as 550 K reported forfor
ZnZn.94.94FeFe.05.05CuCu.01.01O O [S.J. Han, APL 81 (2002) 4212][S.J. Han, APL 81 (2002) 4212]

–– TM incorporated during ZnO or GaN growth TM incorporated during ZnO or GaN growth 
or or by ion implantationby ion implantation

•• More information needed on the microstructure of TM in ZnO and More information needed on the microstructure of TM in ZnO and 
GaN in order to explain nature of ferromagnetism:GaN in order to explain nature of ferromagnetism:
–– 22ndnd phases, precipitates etc. phases, precipitates etc. ⇔⇔ conventional conventional 

ferromagnetism ?ferromagnetism ?
–– isolated substitutitonal TMisolated substitutitonal TMZn,GaZn,Ga ⇔⇔ new type ofnew type of

ferromagnetismferromagnetism !!



IS368:IS368: ββ−− emission channeling from emission channeling from 5959Fe in Fe in ZnOZnO

11××10101515 cmcm−−22 5656Fe + 2Fe + 2××10101414 cmcm−−22 5959FeFe

[[5656Fe+Fe+5959Fe]Fe]maxmax / [Zn] = 0.8%/ [Zn] = 0.8%
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⇒⇒ 90% Fe on ideal S90% Fe on ideal SZnZn

E. Rita E. Rita et alet al, , ApplAppl. Phys. . Phys. LettLett. 85 (2004) 4899. 85 (2004) 4899
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simulation SZn sites
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⇒⇒ also 90% Fe on ideal Salso 90% Fe on ideal SZnZn
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Macroscopic magnetic moments of Macroscopic magnetic moments of 
highhigh--dose dose ““0.8%0.8%”” implanted samples from SQUIDimplanted samples from SQUID

•• ferromagnetic behaviour visible up to at least 380 K (ZnO) and ferromagnetic behaviour visible up to at least 380 K (ZnO) and 300 K (GaN)   300 K (GaN)   
without attenuationwithout attenuation
⇒⇒ Curie temperature Curie temperature TTCC must be well above RTmust be well above RT
•• saturation magnetization reached for saturation magnetization reached for HH ≈≈ 0.2 T0.2 T
•• magnetization corresponds to 19 magnetization corresponds to 19 μμBB/Fe in ZnO and 14 /Fe in ZnO and 14 μμBB/Fe in GaN /Fe in GaN 

-5000 -2500 0 2500 5000
-15

-12

-9

-6

-3

0

3

6

9

12

15

M
(μ

B/F
e)

H(Oe)

GaN #235
T=300 K

ZnO:FeZnO:Fe GaN:FeGaN:Fe

SQUID data by J.P. SQUID data by J.P. AraAraúújojo, , Univeridade Univeridade do Portodo Porto



IS426: IS426: 5757Mn Mn →→ 5757Fe MFe Möössbauer results of lowssbauer results of low--dose implanted ZnOdose implanted ZnO

•• T=400K: 80% of T=400K: 80% of 5757Fe experience Fe experience 
strong magnetic hyperfine fields strong magnetic hyperfine fields BBHFHF
•• 2 magnetic components: 2 magnetic components: 

BBHFHF = 48 T= 48 T and and BBHFHF ≈≈ 31 T31 T

⇒⇒ Curie temperature Curie temperature TTCC must be well    must be well    
above 400 Kabove 400 K
•• 1 quadrupole1 quadrupole--split doublet (20%)split doublet (20%)
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T = 731 K

T = 400 K

•• mainly quadrupolemainly quadrupole--split doublet split doublet 
survives at T=731 Ksurvives at T=731 K

Aim of new Aim of new MMöössbauerssbauer proposal:proposal:
unravel the nature of the magnetism!unravel the nature of the magnetism!



Semiconductors:Semiconductors:

Si, Si, GeGe, , SiGeSiGe, diamond, , diamond, 
IIIIII--V, nitrides, IIV, nitrides, II--VI, ZnOVI, ZnO……

electrical doping, transition metals,electrical doping, transition metals,
rare earths, H,rare earths, H,
diluted magnetic semiconductorsdiluted magnetic semiconductors

HighHigh--TTcc superconductors and superconductors and perovskitesperovskites

Magnetism (Magnetism (manganitesmanganites, CMR), CMR)

Low dimensional systems: Low dimensional systems: 
surfaces, interfaces, surfaces, interfaces, multilayersmultilayers

ResumResuméé::
Solid state physics at ISOLDE Solid state physics at ISOLDE 

covers a wide range of materials:covers a wide range of materials:

ISOLDEISOLDE’’ss strength: strength: 
the variety of different experimental methods that can the variety of different experimental methods that can 

be combined to study these materialsbe combined to study these materials
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