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Fe Implanted Ferromagnetic ZnO
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In the field of spintronics [1], diluted mag-
netic semiconductors (DMS) are worldwide under
intense investigation. DMS are ‘“conventional”
semiconductors doped with transition metal (TM)
or rare-earth ions which are diluted within the host
matrix and ferromagnetically aligned via an in-
direct magnetic coupling [2-7]. The existence of
DMS based on Mn doped p-type ZnO [2] and V,
Ti, Fe, Co or Ni doped n-type ZnO [7] has been
predicted by theory. However, currently only n-
type conducting ZnO films or single crystals are
available. Recent reviews of experimental work in
the field, are given by S.J. Pearton et al. [8] and
U. Ozgiir et al. [9]. Among other systems, n-type
ZnO doped with Fe has been confirmed experi-
mentally [10-12] to exhibit ferromagnetism at
room temperature. In some cases, especially at
high processing temperatures, unwanted secondary
phases are formed inside the ZnO matrix, which
are responsible for the ferromagnetic properties
[11]. One way to overcome this problem is the use
of ion beam doping at low temperatures and thus
far from thermal equilibrium [12-14]. In any case,
structural analysis methods with high sensitivity
are necessary in order to exclude secondary
phases.

In this report it will be shown that Fe-
implantation into ZnO single crystals at a
temperature of 623 K can lead to the formation of
ferromagnetic a-Fe nanoparticles. On the other
hand, Fe ions implanted at a temperature of 253 K
are diluted within the ZnO host matrix and develop
a ferromagnetic coupling.

Table 1: Implantation conditions for >’Fe ions for the
investigated samples (7}, = implantation temperature,
@=ion fluence). The implantation angle was set to 7° in
order to avoid channeling effects. The calculated implant-
ation profile thus has a Gaussian shape with a maximum
atomic concentration p,,, indicated. The sample identifiers
refer to low/high fluence and low/high temperature.

Sample @ (cm?) DOimax (%0) Timp (K)
LFHT  4x10% 0.5 623
HFHT  4x10'° 5 623
LFLT  4x10% 0.5 253
HFLT  4x10' 5 253

For this purpose we used commercially
available, hydrothermally grown ZnO single
crystals that have been Zn-face epi-polished by the
supplier. These samples were implanted with *'Fe
ions at different temperatures and ion fluences (for
a sample register and abbreviations see Table 1).
The implantation energy of 180 keV yielded a
projected range of Rp=79 £33 nm (TRIM code
[15]). Prior to implantation, the virgin samples
were characterized by X-ray diffraction (XRD,
Siemens D5005), inductively coupled plasma mass
spectrometry (ICPMS), and superconducting
quantum interference device (SQUID, Quantum
Design MPMS) magnetometry. It was found that
the virgin crystals are perfectly single crystalline
showing a contamination below 20 ppm for Cu, Ni
and Fe and below 0.1 ppm for the other transition
metals. Most important is the fact that even at low
temperatures (5 K) all of the virgin samples
behave purely diamagnetic upon magnetization
reversal.

After implantation, the four samples (Table 1)
were analyzed using SQUID magnetometry. It was
found that only two of them, i.e. the HFHT and the
LFLT samples exhibit a pronounced hysteresis
loop upon magnetization reversal at T=5K
(Table 2). After subtraction of the diamagnetic
background, a saturation magnetization of
Ms=0.30 up (Ms=1.3 ug) per implanted Fe ion
and a coercivity of Hc=24x10"Am’
(Hc=4.8x10° Am™) for the HFHT (LFLT) sam-
ple is determined. The hysteretic behavior remains
also at 7=300 K (Fig. 1a, b). However, for the
HFHT sample a more drastic decrease of My and
H¢ as compared to the LFLT sample is observed
with increasing temperature (Table 2).

Table 2: Saturation magnetization Mg and coercivity Hc

determined by SQUID magnetometry. The measurement
temperatures are indicated.

M (up per -1
Sample implanted Fe) He (Am™)

5K 300K 5K 300 K
HFHT 0.30 0.17 24x10* 2.4x10°
LFLT 1.3 1.0  48x10° 4.0x10°




18 K. Potzger et al.; Fe Implanted Ferromagnetic ZnO
8 ()
- g = g {400
Sl 2 :
LN < S {300
g N
= SR
200
r}: \\\‘_ Conv kﬂ'
2 i - .t 100
g k SR. Virgin 2
~a ol . M A . o =
> : : : : : : 5
= * grazing incidence =
5 f mmftric beam (d) A
= . y 1400
O Yo}
= S =
= S 1300
z 3
g N ¢ 1200
."Q Y 3
as e 100
12 |74|<:/./'\. __f 0.5

-5.0x10" 0.0
Field (Am™)

30 40 50 60 70 80
20 (degree)

Fig. 1: Magnetization reversal recorded at 300 K using SQUID magnetometry for the HFHT (a), and the LFLT (b) sample.
The inset shows the magnetization prior to background subtraction in Am™ with respect to the substrate volume. The
horizontal axes have the same scale. (c) Conventional (Conv.) and SR-XRD pattern (symmetric 26/w scan) for the HFHT
sample compared to a virgin sample. Small Fe nanoparticles can be detected only by SR-XRD. (d) SR-XRD pattern for the
LFLT sample: no secondary phases are found by either a symmetric 26/w scan or a grazing incidence scan.

In order to analyze the microscopic origin of
the measured ferromagnetic properties of the
HFHT- and LFLT-samples, synchrotron X-ray
diffraction (SR-XRD) with monochromatic X-rays
of 0.154 nm wavelength and room-temperature
conversion electron Mdssbauer spectroscopy
(CEMS) were used for all samples. In contrast to
conventional XRD, the much higher X-ray inten-
sity in SR-XRD allows one to detect also small
amounts of very tiny nanoparticles. Fig. 1c shows
a symmetric 26/w scan for the HFHT sample.
Sharp, high intensity peaks from bulk ZnO are
visible at 26 ~ 34.4° and 20 ~ 72.6°. At 20 ~ 44.5°,
a rather broad and low intensity peak originating
from a-Fe(110) with a theoretical Bragg angle of
20=44.66° occurs. The nanoparticle size is
estimated to be around 8 nm using the Scherrer
formula [16]. Apart from a-Fe, no other phases are
detected. In order to support these findings by real
space methods, cross-sectional transmission
electron microscopy (TEM, Philips CM 300) has
been performed. The nanoparticles could be
identified indirectly due to a Moiré-pattern with a
visible diameter of about 6 — 12 nm (Fig. 2, inset)
at a distance of only 50 nm from the surface.
Concordantly, the maximum iron concentration
was found at Rppy=151%38nm by means of
energy-dispersive X-ray microanalysis (EDX). In

CEMS, only the HFHT sample exhibits a fraction
of *’Fe probe nuclei, that show a clear magnetic
hyperfine splitting (sextet) corresponding to a
magnetic hyperfine field of Byr=30.5T (Fig. 2)
which is - due to size effects - slightly smaller than
the known value of metallic a-Fe (Byr=33.0 T).
This fraction covers 12.5% of the *'Fe nuclei ab-
sorbing the incident y-radiation. Its isomer shift
(1S) of 0.06 mm/s with respect to a-Fe doubtlessly
represents metallic Fe’. The remaining Fe in the
HFHT sample exhibits ionic charge states showing
no ferromagnetic hyperfine splitting. The interpre-
tation of these fractions is, in part, rather difficult.
The best fit has been obtained using one singlet re-
presenting a Fe''-state reported already elsewhere
[17] and two quadrupole-split lines representing
Fe®* states (Fig. 2). The absence of a quadrupole
splitting (OS) of Fe’* excludes ZnFe,O4-precipi-
tates since there is always an electric field gradient
present at the octahedral sites [18, 19]. Fe;04
usually does not show a quadrupole splitting in the
Fe*" states [17] and can thus also be excluded
indirectly. These conclusions are consistent with
those obtained from SR-XRD.

The interpretation of the origin of the ferro-
magnetic properties of the HFHT sample is thus
straightforward: During implantation metallic Fe-
nanoparticles are formed. This is due to higher
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migration of Fe at the elevated temperature as
compared to the HFLT and LFLT samples. More-
over, the required diffusion length for nanoparticle
formation is much shorter at the higher fluence as
compared to the LFHT sample (Table 1). The
superparamagnetic limit of Fe nanoparticles is
described by the relaxation time

E )V
T =1, exp[—-],
Ok, T

where E, is the anisotropy energy density
(5% 10* J/m® for Fe), V is the particle volume and
kg is the Boltzmann constant. 7, amounts to ~ 107s
[20]. Thus at 7= 5K and a measurement time of
~100 s which is typical for SQUID magnetometry
the critical nanoparticle diameter for superpara-
magnetic behavior results to 4 nm. From the above
discussed structural analysis we know that all
nanoparticles diameters are larger than this value
and should intrinsically behave like ferromagnetic
a-Fe bulk material. Taking into account the
fraction of 12.5% of metallic Fe found by CEMS
and a magnetic moment of 0.30 wp per implanted
Fe ion, a value of Mg=2.4 up per Fe atom within
the metallic nanoparticles is determined in agree-
ment with the known value for bulk Fe of 2.2 u;.
The slight overestimation probably results from
the fact that the CEMS spectrum contains also a
small fraction resulting from superparamagnetic
Fe nanoparticles which could not be resolved in
CEMS. At 300 K, the hysteresis loop obtained by
SQUID magnetometry exhibits a distinct decrease
of Mg down to 0.17 up per im]lolanted Fe ion, and
of He down to 2.4x10°Am™ compared to the
measurement at 5 K (Table 2). Both effects result
from the size distribution of the Fe-nanoparticles,
since with increasing temperature also larger nano-
particles become superparamagnetic or approach
to the superparamagnetic limit.

In contrast to the other three samples, a long-
time CEMS spectrum (500 hours) recorded for the
LFLT sample (7},,=253K, @=4x10"cm?)
exhibits only a single line corresponding to a Fe’*
state. Thus the majority of the detected ions are
ferric but nonmagnetic similar to the results for Fe
doped SnO, [5]. A decision about the existence of
a ferromagnetic sextet could not be provided along
with CEMS due to the small counting rate result-
ing from the low fluence implanted and the lower
uniformity of the Fe lattice sites as compared to
the samples implanted at 623 K. However, for the
LFHT, HFLT and especially the ferromagnetic
LFLT sample no secondary phases have been
found using SR-XRD (Fig. 1d) and no metallic Fe’
states have been detected using CEMS.

10%

Relative emission

Fig. 2: CEMS of the HFHT sample recorded at 300 K. The
fit curves represent (from top to bottom) a single emission
line corresponding to a Fe* state (IS=0.53 mm/s with
respect to o-Fe), a quadrupole split emission line
(0S=0.6 mm/s) corresponding to a Fe** state
(IS=0.69 mm/s), a sextet line resulting from a magnetic
hyperfine splitting of a metallic Fe° state (IS =0.06 mm/s)
and a strongly quadrupole split line (OS = 1.3 mm/s) of a
Fe** state (IS=0.78 mm/s). The inset shows Moiré con-
trasts measured using TEM that can be associated with
small metallic Fe nanoparticles corresponding to the CEMS
results. The arrows indicate the sextet.

Consequently, the implanted Fe-ions are
diluted within the ZnO host matrix. Thus - in sharp
contrast to the HFHT sample - the ferromagnetic
behavior of the LFLT sample (Fig. 1b) results
from an indirect exchange interaction between
diluted Fe ions similar to the one reported in Ref. 5
for the case of Fe doped SnO,. Surprisingly the
ferromagnetic behavior occurs at much lower Fe
concentrations than that reported in Ref.5 or
predicted by theory. In the case of diluted Fe®
(5 ug per ion), 28% and in the case of diluted Fe**
(6 pp per ion), 23% of the implanted ions would
contribute to the ferromagnetic interaction. The
minimal Fe-Fe distance for the LFLT sample can
be estimated to be 1.3 nm. Considering the differ-
ent implantation temperatures and fluences affec-
ting the diffusion behavior and the ion induced
damage in the four investigated samples, a crude
explanation of their behavior with respect to the
formation of a DMS can be provided: An implant-
ation temperature of 623 K causes a broadening of
the Fe implantation profile. Hence, a ferromagne-
tic state of the Fe ions that are diluted within the
LFHT sample cannot be established due to the low
local Fe concentration. Within the LFLT sample
however, the implantation profile is sharper and
therefore the local Fe concentration is large
enough to form a room-temperature DMS. For the
lack of a DMS state within the high fluence
implanted samples this argumentation does not
hold because the total amount of implanted Fe ions
was 10 times larger than for the LFHT sample, but
with many associated defects. Thus these defects
introduced during implantation must play a key
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role for the DMS formation. Rutherford backscat-
tering (RBS) analysis shows that the damage level
for both high fluence implanted samples are simi-
lar, i.e. Yuin~65% [21], while the damage level for
the LFLT sample is much lower (¥,;:=30%, Ynin
of the virgin samples: 3 %). Such defects affect the
transport properties of ZnO [22] and thus the path
of ferromagnetic coupling.

In summary, 180keV Fe implanted ZnO
single crystals can develop ferromagnetic proper-
ties that are either caused by a-Fe nanoparticles or
an indirect coupling of the Fe ions in a DMS
system, depending on the details of ion fluence
and implantation temperature. Detailed structural
analysis is required to rule out secondary phases.

The presented results have been recently
published as K. Potzger et al., Appl. Phys. Lett. 88
(2006) 052508.

References

[1] S.A. Wolf, D.D. Awschalom, R.A. Buhrman,
J.M. Daughton, S. von Molnar, M.L. Roukes,
A.Y. Chtchelkanova, D.M. Treger, Science
294 (2001)1488

[2] T. Dietl, H.Ohno, F.Matsukura, J.Cibert,
D. Ferrand, Science 287 (2000) 1019

[3] V. Barzykin, Phys. Rev. B 71 (2005) 155203

[4] DJ.Priour, E.H.Hwang, S. Das Sarma,
Phys. Rev. Lett. 92 (2004) 117201

[5] J.M.D. Coey, A.P. Douvalis, C.B. Fitzgerald,
M. Venkatesan, Appl. Phys. Lett. 84 (2004)
1332

[6] J.M.D.Coey, M. Venkatesan,
gerald, Nat. Mater. 4 (2005) 173

[71 K. Sato, H.Katayama-Yoshida, Semicond.
Sci. Tech. 17 (2002) 367

[8] S.J.Pearton, D.P. Norton, K. Ip, Y.W. Heo,
T. Steiner, J. Vac. Sci. Technol. B 22 (2004)
932

[9] U.Ozgir, Yal Alivov, C.Liu, A. Teke,
M.A. Reshchikov, S. Dogan, V. Avrutin, S.-
J. Cho, H. Morkog, J. Appl. Phys. 98 (2005)
041301

[10] M. Venkatesan, C.B. Fitzgerald, J.G. Lun-
ney, J.M.D. Coey, Phys. Rev. Lett. 93 (2004)
177206

C.B. Fitz-

[11] J.H. Shim, T. Hwang, S. Lee, J.H. Park, S.-
J.Han, Y.H.Jeong, Appl. Phys. Lett. 86
(2005) 082503

[12] A.Y. Polyakov, A.V. Govorkov, N.B.
Smirnov, N.V. Pashkova, S.J. Pearton, K. Ip,
R.M. Frazier, C.R. Abernathy, D.P. Norton,
JM. Zavada, R.G. Wilson, Mat.  Sci.
Semicon. Proc. 7 (2004) 77

[13] E.Rita, U.Wahl, J.G. Correia, E. Alves,
J.C. Soares, Appl. Phys. Lett. 85 (2004) 4899

[14] D.P. Norton, M.E. Overberg, S.J. Pearton,
K. Pruessner, J.D. Budai, L.A. Boatner, M.F.
Chisholm, S.J. Lee, Z.G. Khim, Y.D. Park,
R.G. Wilson, Appl. Phys. Lett. 83 (2003)
5488

[15] J. Ziegler, J. Biersack, U. Littmark, The
Stopping and Range of Ions in Matter,
Pergamon Press, New York, 1985, SRIM
2000 code, www.srim.org

[16] B.D. Cullity, Elements of X-ray Diffraction,
Reading, MA: Addison-Wesley, 1978, p. 102

[17] E. Murad, Phys. Chem. Miner. 23 (1996) 248

[18] H.B. Mathur, A.P.B. Sinha, C.M. Yagnik,
Indian J. Pure Ap. Phy. 5 (1967) 155

[19] B.J. Evans, S.S. Hafner, H.P. Weber, J.
Chem. Phys. 55 (1971) 5282

[20] R. Waser, Nanoelectronics and Information
Technology, Wiley-CH, Weinheim, 2003, p.
624

[21] Zumin is the channeling minimum yield in
RBS/C, which is the ratio of the back-
scattering yield when the impinging beam is
aligned parallel to a crystallographic axis to
that for a random beam incidence. Therefore,
an amorphous sample shows a y,,;, of 100%,
while a perfect single crystal corresponds to a
Hmin OF 1-2%.

[22] S.O. Kucheyev, C.Jagadish, J.S. Williams,
P.N.K. Deenapanray, M. Yano, K. Koike, S.
Sasa, M. Inoue, K. Ogata, J. Appl. Phys. 93
(2003) 2972




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


