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Electron paramagnetic resonance study of Zp_,Co,O:

A predicted high-temperature ferromagnetic semiconductor
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The magnetic properties of €b ions in epitaxial(Zn,CoO layers with 10% Co concentration have been
studied by electron paramagnetic resonance spectroscopy. The Co-related EPR spectrum is characterized by a
200-G broad anisotropic single line withfactors close to those of the isolated’Cdon. The temperature
dependence of the EPR signal follows a Curie-Weiss law with a critical temperaturé K. We find no
evidence for a high-temperature ferromagnetic state. Magnetocrystalline anisotropy is observed and a canted
spin arrangement is suggested.
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Developments in spin-transport electronics depend irfundamental importance to determine the electronic state of
large part on the elaboration of ferromagnetic semiconducthe TM ions in a high concentration range in order to under-
tors with Curie temperatures above room temperature. Thetand the interplay between carrier concentration and mag-
diluted magnetic semiconductof®MS’s) in which a frac- netic exchange coupling. The advantage of electron para-
tion of nonmagnetic elements is substituted by magnetignagnetic resonancdEPR) spectroscopy is its selectivity to
transition-metalTM) ions are ideal candidates. By interac- the microscopic structure of the doping atom.
tion between the localized magnetic moments and band elec- EPitaxial 1000-A-thick(Zn,COO films with a nominal
trons or holes, it is possible to control magnetic order byconcentratiorf CoJ=10% have been grown by pulsed laser
means of carrier concentration? The wide-band-gap zinc- deposition(PLD) on the (000} O face of semi-insulating
oxide—based DMS's attract currently considerable attentionZNO substrates. Source materials were pressed ZnO and CoO
On the basis of a carrier Fermi sea interacting with localizedargets. The composition and the crystalline quality of the
spins, high Curie temperatures have been predicted for Zntgyers have _been.cha}‘racterized by Rutherford backscattering
with Mn and hole doping.Recentab initio calculations pre- and x-ray .d|ffract|onl. The EPR measurements were per-
dict that incorporation of V, Cr, Fe, Co, or Ni in ZnO in the formed with an X-band spectrometer operating in the

5-25% concentration range should give rise to metallic be#~300-K temperature range. The absolute spin concentration

havior and a ferromagnetic state without the need for addihas been determined by comparison with a calibrated ruby

: : : : standard sample.
tional doping®’ The latter modeling, based on a partially : . . . :
occupied TMd band® shows that the down spind3states of ZnO crystallizes in the wurtzite structure withCa,, point

the TM ions enter the conduction band and that ferromagzﬁgqsrggt trél tﬁg ;Vrllthatzlrlng ;Ir—]'vlltén r?:aatjltsr:sllct(:)h :rging:ée?e_to

netic double exchange interaction predominates. EIeCtrOﬂsrred to the charge of the Zn ipnthe Cg,2* ion has an
. . n
do;gng shlould en.hance ths phgnomenon. d . d Ar]3d’ electron configuration. The atomftf ground state
>everal experiments have been carried out In order t plits under the influence of the tetrahedral component of the
verify these predictions and to determine the Curie temperaérysta| field into a spinS=2 %A, ground state and'T,
. . 2
ture T as a function of the nature of the TM ion, the TM +4T, excited states. The trigonal component of the crystal

concentration, and the carrier concentration. Ferromagnetig ; o : :
o eld (CF) and the spin-orbit interaction further splits tha,
features, withT. between 280 and 350 K, have been re'ground state into two Kramers doubleEs,, Eg;, with a

ported for Co(Refs. 9 and 1pand V (Ref. 11 -doped ZnO zero-field splitting equal to R. The EPR data can be de-

films, grown ona-Al,O; substrates. The magnetic properties _ _ . : ; i ohs.
; . scribed by the following spin Hamiltoniah:
were shown to depend strongly on the carrier den&ity I y wing spi ron

type), required to be in the range ¥6-10?°° cm 2.9 The

growth conditions (@ pressure and substrate tempergtase He=ugB-g-S+S A 1+D[S;-3S(S+1)], (D)

well as thermal annealing have also been found to influence

the electron concentration, the magnetization, and the Curighere wg is the Bohr magnetorB is the magnetic fieldS

temperaturé®®® In particular, growth temperatures above and| are the electronic and the nuclear spin operators, re-

600 °C can produce inhomogeneous, ZLo, ,O films with  spectively, andy andA are the Landend hyperfine tensors,

ferromagnetic Co clusters and reduced electrical resistivity.respectively. In the present case; 7. The EPR parameters
Presently, there is a lack of information on the sites occueof the isolated substituting 6 cation in ZnO have only

pied by the TM ions in the ZnO host, as well as on thebeen reported brieflf and it is of interest to recall them

magnetic state of these ions, since all experiments werkere. Typical Cé" EPR spectra observed in our noninten-

based on the macroscopic magnetization of the films. It is ofionally doped substrates are shown in Fig. 1. The magnetic
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FIG. 1. EPR spectra of the isolated Coion for different ori-
entations of the magnetic field relative to the crystalxis.

field was applied in the (EID)ZnO plane, the angl® between
B and the[001],,o axis being varied between 0° and 90°.
The spin Hamiltoniar is written as

Hs=ug(g B cosd S, +g,BsingS,)

+AS,I,+A, (SI+S)l,)+D[SS—3S(S+1)],
(2)

where the labelg (or Il) andx (or L) apply for the directions
[001];,0 and [120],,0, respectively. ForB parallel to
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TABLE |. EPR parameters for the €06 ion in ZnO; the CF
parameter iD=2.75 cm 1.

HF constant Linewidth

g factors A(10*cm™)  AB,, (G) Reference
0,=2.243 A=16.11 16
g, =2.2791 A, =3.00
g,=2.2384 A,=15.90 AB,=0.4 Zn0:Co
0, «x=4.551 A, =2.90 AB, =2.6 substrate
g,=2.2768 This work
g,=2.2212 AB,=156 Zn Cqy 10
0, «#=4.5310 AB, =200 layer
g, =2.2669 This work

the layer is Lorentziarin contrast to the single ion reso-
nances, which have a Gaussian line shapdingerprint for
the expected importance of exchange interaction between the
C&* ions. The spin concentration has been obtained by a
numerical double integration of the experimental spectrum
for BLc at T=4 K. We find[Co?"]=8%, a value close to
the total Co concentration, which shows that PLD is a suit-
able growth technique to achieve high substitution rates
while preserving the structure.

One may think the shift in the resonance field position of
the new Co spectrum with respect to the isolated ‘Coctet
is due to a change of thg values, as a consequence of the

[001] 0, theH, matrix is diagonal and leads to the energieschange of the crystal fieldCF) in Zng 4Caoy ;O with respect
(excluding hyperfine terms which intervene to second 9rder
2000 2500 3000 3500

E=D(mZ—5/4)+gusBms. (3) : :

As the zero field splitting is high as compared to the micro-
wave energy at th&X band (D> hv), only the transition
between the lowefms=—3) and|mg=+3) states are ob-
served in the available magnetic field range 0—1 T. The hy-
perfine (HF) interaction gives rise to a characteristic octet
structure AE=g,ugB+A;m,). For B parallel to[ 120],,0,

a mixing occurs betweek,,, and E,, states. Diagonaliza-
tion of the Hg matrix leads to the energies

E=—(+)g, #eB/2+[(g, ugB)’+ D2+(_)9LMBBD]1/(24)
One observes in this case the transition between states sepa-
rated by an energAE=g, ¢queB=29, #gB—3D (9, 1B/
D)3~2g, ugB. Due to the small linewidth of~1 G, the
hyperfine interaction is well resolved for all angles. Numeri-
cal values of the derived EPR parameters are given in Table
|. The EPR spectrum of the isolated Toion can be ob-
served up to a temperature of 100 K and then disappears due
to rapid line broadening. In the range 4-100 K, the EPR
signal intensity varies according to the T)/Curie law, as
expected for isolated paramagnetic ions.

After growth of the 1000-A-thick Z§,4Ca, 14O layer, a
new and different Co-related spectrum is obseried. 2).
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The spectrum is characterized by a200-G large(peak-to-
peak width single line with effectiveg values @ e,9, o)
close to but slightly different from those of the isolatecCo
in the substratéTable ). The shape of the Go line from

FIG. 2. (Color online EPR spectra for the two principal orien-
tations of the magnetic fieldl(L c). The total spectrum is a super-
position of spectra from the substrate {FgCe?*,Ni®*) and the
Cd®" spectrum from the epitaxial layer.
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to ZnO via the lattice constants. Actually, the CF acts negli- °
gibly on theg, ¢ value alone[see Eqgs(3) and (4)]. The 0'40'_ /\.
resonance shift is expected to be due essentially to the de. ;.. | ® \. 0
magnetizing field related to magnetization induced by the® l ‘e
high doping concentration. Assuming an assembly of iso-g .30 \.

lated magnetic momentsnggug) governed by Boltzmann
0.25 [ ]
0204 °. \

statistics, for a Co?"] concentrationN=3.4x 10°* cm™ 3,
0.15+

HxT (al

we derive from Eq(3) a magnetizatioM at 4 K equal to 50
G for Bllc. We outline this value is between the values found ,
neglecting the CF, that is, usinhfl=NgugSBJgugBY
(kT)], whereBg is the Brillouin function andS=3 or 3. ]
Also, the magnetization foBL ¢ is found reduced to 22 G 0.10 i i i i i ] i
[see Eq.(4)]. In the case of an isotropig factor, the reso- 0 10 20 30 40 50 60 70
nance condition is usually derived by minimizing the free- temperature (K)

energy density/

ignal

(EPR S

.
.
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FIG. 3. EPR signal intensity times temperature vs temperature:
- _ . 1 N. experimental points for Hc and calculation(dotted ling for as-
v #oM-Hext 2u0M-N-M, © serpnbly of isolgted Co cations, taking into account CF splitting.
whereH,, is the external fieldM is the saturation magne-
tization vector, andN is the demagnetizing tenstor a thin
film, N,,=Ny,=0,N,,=1). We assume this approach is still intensity decreases more rapidly witlthan the spectrum for
valid in the case of an anisotropig factor given byg BL c (see the inset in Fig.)4As already pointed out, though
=(g2cog 6+0° s Sir? 6)Y2 The internal effective fields for from the crystal field one expects tigeaxis to be the hard
=0 and @2 are H(L plane=H.,—M and axis for magnetization, the EPR signal should not be sensi-
Hin(in plane)=[Hex(Hext M)1Y2 respectively. The mag- tive to it. The anisotropy probably originates from aniso-
netization should shift the resonance field to a higher valuéropic magnetic exchange interactions. Anisotropy has been
for Hilc and to a lower value for Hc. For Hic, we observe €voked in an analysis of magnetic susceptibility from ZnO
at 4 K apositive shift(+23 G) lower than that expected from crystals with 0.049% of Co,*® involving a small fraction
a pure paramagnetic filft+50 G). This is an indication of  of Co** ferromagnetic pairs. We rather think that moments
antiferromagnetic coupling between the Co cations. Foprder antiferromagnetic but nonparallenting, producing
H. c, the positive shif(-+7 G) necessitates making interven- very weak ferromagnetism in accordance with the small
ing magnetocrystalline anisotropy. For a given magnitude ovalue of® .
B, the ground state foBLc is at lower energy than the In the 10% concentration regime, a quantitative analysis
ground state foBllc and thec axis should be the hard direc- of the EPR line shapes on the basis of clusters with different
tion for magnetization. In our conditionsB( ~B,/2), the effective spins and orientations is not feasible. Dipolar inter-
ground state for Bc has an energy very close to the one for action between identical spirf8=3 should lead to a line-
Blic, and the anisotropy has an origin other than the crystayidth expressed in frequency unitsA @
field. Phenomenological terms of the form K sir? ) must
be added to E(q5) for deriving the true resonance condition. 500 -
Defining the anisotropy fieldHx by K=u,MH/2, we
evaluate the valuestd K for u,M and u,H, equal to 10
and 24 G, respectively.

Additional and more direct information about the para-
magnetic or ferromagnetic or antiferromagnetic state of theg 300 -
layer can be obtained from the variation of the EPR spectrun~
intensity | with the temperature. In the case of cations with-
out exchange interaction, the intenditis proportional to the
difference in population of the two lowest levels, whose en-
ergies are given by Eq3) for Blic and by Eq.(4) for B1 c.
The calculation gives a variatidn~ (C/T) except in the re-
gion T<10 K, where small deviations occur. The EPR spec-
trum for BLc, which was the best resolved one, could be
measured from 4 to 65 K. The results in the fo(lf) versus
T are shown in Fig. 3. Instead of a paramagnetic behavior,
we observe a weak ferromagnetism with saturation near 4 K. g 4. (Color onling Inverse of the EPR signal intensity of the
To extract the Curie paramagnetic temperaigs we have  high concentration G line vs temperature for He (up tri-
replotted the results in Fig. 4 45 * versusT; extrapolation  angles; the behavior expected from a pure paramagnetic film is
of the linear part give®) ,~+12 K. The EPR spectrum for given by the dotted line. The inset shows the low-temperature part
Blic could only be measured up to 20 K. Interestingly, itsfor orientation Hc (squares
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=3.8(uo/27) y*AN, where y=gug/f and N is the spin  antiferromagnetic coupling between €ospins. As a matter
concentration. This gives 300 G for the peak-to-peak lineof fact, ferromagnetic features witfic>280 K have only
width. The isotropic Heisenberg exchange interaction bebeen observed in samples with high electron concentrations
tween cations of spin§; andS,, of the form (1,5, S,), is  (3x 107 cm™3).? It has to be verified that the observed fer-
known to induce narrowing and a Lorentzian shape. The anromagnetism did not arise from metallic Co clusters.
isotropic exchange may be expressed by terms of the form In conclusion, the EPR study of 10% Co-doped ZnO ep-
D1, (S;XS,), whereD,, is a constant vectdr. itaxial layers has shown that, whereas theé Cion is incor-

It should be noted that despite a careful search, no freeporated into the latticéin substitution of ZA"), the free-
carrier-related EPR sigrfiicould be observed in our layers. carrier concentration stays low and no ferromagnetic
One may thus interpret the nonobservation of the ferromagerdering is observed. We give evidence of a paramagnetic
netic state by an insufficient free-carrier concentration. Thdehavior in the 20—65-K range with a critical temperature of
possibility to mediate long-range ferromagnetic interactionst12 K for BL c. Nonvanishing antisymmetric spin coupling
by mean of carriers is an open question. Clearly one shoults suggested from the anisotropy observed in the 4—20-K
obtain high carrier concentration to overcome the short-rangeange and the faint value of magnetization at 4 K.

*Electronic address: Nat.Jedrecy@Imcp.jessieu.fr (200).
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