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Temperature-dependent paramagnetic susceptibilities of Cu2¿ and Co2¿ as dilute impurities
in ZnO
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The temperature-dependent magnetic susceptibilities of Cu21:ZnO have been measured and successfully
analyzed on the basis of crystal field theory including the dynamic Jahn-Teller effect. The susceptibility
behavior near 154 K suggests that there are small amounts of Cu in antiferromagnetic clusters in the crystal.
The analysis determines electronic and vibronic constants of the perturbed Cu21 ion. The simple crystal field
model is not successful for the analysis of the temperature dependence of the susceptibilities of Co21:ZnO at
low temperatures. Agreement between calculated and observed susceptibilities is possible if it is assumed that
there are a small number of Co ferromagnetic clusters in the crystal. Effective Curie temperatures for the
clusters are determined from the analysis.
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In the 1960’s, the authors and others in collaboration w
Lin1 measured and analyzed the temperature-dependent
magnetic susceptibilities of several systems of dilute im
rity ions from the first transition series in diamagnetic ho
crystals. The method proved powerful in determining el
tronic properties of the impurity ion in a crystal field env
ronment. All of the analyses were considered successful
cept for two systems: Cu21 ~Ref. 2! and Co21 ~Ref. 3! in
ZnO. In both cases anomalous features were found in
analyses. For Cu21 the angular momentum coupling cou
not account for the temperature dependence of the susc
bilities even with unreasonably large orbital reduction. F
Co21, the susceptibility analysis, based upon the usual c
tal field model, gave a zero-field splitting for the ground4A2

state 27% smaller than that from electronic spin resona
~ESR!4 and optical measurements.5 Although there was con
fidence in the susceptibility measurements, the results w
not published since the anomalies were not understood a
time.

Recently the physical basis for these two systems
been reinvestigated with the intent of providing an und
standing of what is influencing the magnetic behavior of
respective systems. In the case of Cu21 system, an ion of 3d9

configuration in a trigonal crystalline field, inclusion of th
dynamic Jahn-Teller effect6 proved to be decisive. Furthe
the analysis was so good that an additional anomaly
detected near 154 K that suggests some of the Cu ions a
antiferromagnetic clusters, possibly in conjunction with ox
gen ions. For the Co21 system, a 3d7 electron configuration,
the low-temperature data suggests that there are s
amounts of Co clusters in a ferromagnetic state. In both ca
the clustering effects more than likely had to do with t
method for doping the ZnO and would not be detectable
either ESR or optical means.

The question as to the possibility of unwanted impur
ions contaminating the systems comes to mind. Chem
analyses were not made. However, unwanted impurity i
of the order of 1/100 of the doping concentration would ha
no observable effect on the susceptibilities. Further, it w
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expected there would be unwanted contaminant impuri
but in concentrations much less than 1/100. The ESR
optical studies of these crystals did not indicate the prese
of unwanted impurities. In addition, incorporation of cont
butions to the susceptibility from likely contaminants for th
Co21 system in no way helped the analysis. At the sa
time, it should be noted that for all of the other system
studied by these techniques, unwanted impurities were n
detected. It is unlikely that all of the Cu21 or Co21 would
enter the crystal substitutionally; some of it could very w
cluster or enter interstitially. In one case the system w
found to have pairs and triplets of the paramagnetic ion w
concentrations were high, but in small quantities. There is
evidence that interstitials play an important role in the p
vious studies of the iron transition elements in ZnO as
angular momentum would be quenched and would only
sult in a Curie type behavior.

This paper is a summary of the authors’ results. A d
tailed discussion of the calculation and analyses, includ
raw data, matrix elements, and susceptibility equations
available in manuscript form upon request.

Cu21:ZnO

The host ZnO crystal has wurtzite structure that gives
property that the Cu21 substitutional impurity ion is in a
crystalline electrostatic field of predominantly tetrahed
symmetry. However, the crystal field has a small trigon
component along the hexagonalc axis due to a small distor
tion of the ideal hexagonal unit cell. In addition to the ele
trostatic effects from the crystal field, there is some coval
bonding that leads to orbital reduction of the spin-orbit int
action from the free ion values. These latter properties h
been found for all 3d-impurity ions in host crystals to vary
ing degrees. As to the question of a possible phase chang
ZnO over the range of 4.2 K to 300 K, there is no eviden
indicating such a change in any of the X:ZnO crystals st
ied so far. A paper by Reeber12 concerning the lattice param
eters of ZnO shows no phase change over the tempera
range considered.

The temperature dependent paramagnetic susceptibi
x i andx' for Cu21:ZnO have been measured from 31 to 2
©2001 The American Physical Society11-1
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K using a Faraday-type balance.1 This paramagnetism is du
to the Cu21 ion that has a 1.1% concentration in the Zn
host crystal. The cubic crystalline field splits the2D orbital
state into2T21 2E with further splitting due to the trigona
field and spin-orbit coupling. The energy levels in increas
order are G6(2T2), G68(

2T2), G4,5(
2T2), G4,5(

2E), and
G6(2E). Energy differences measured by Dietzet al.7 are
G4,5(

2E)2G6(2T2)55784 cm21, G6(2E)2G6(2T2)
55823 cm21, G6(2E)2G68(

2T2)55707 cm21, and G68(
2T2)

2G6(2T2)5123 cm21. ESR measurements by Dietzet al.
and more accurately by De Witet al.8 give gi50.7383 and
g'51.5237 forG6(2T2). Optical Zeeman measurements
Dietzet al.givegi51.63 andg'50 for G4,5(

2E). An orbital
reduction model, with the extreme 60% for the2T2 mani-
fold, by Dietzet al. is necessary to explain the above emp
cal constants but is completely unsuccessful in the anal
of the temperature dependence of the paramagn
susceptibilities.2 Only the 2T2 manifold affects the suscept
bilities.

Inclusion of the dynamic Jahn-Teller effect6 accounts for
the magnetic susceptibilities and the empirical constant
Dietz et al. without the excessive orbital reduction. O

FIG. 1. Components of the magnetic susceptibility f
Cu21:ZnO. Dots represent the data points, see the text for the ph
cal significance of the curves. The error bars for data between r
temperature and nitrogen temperature is the size of the plo
points. Below the nitrogen point the errors are three times the
of the plotted points.~a! X i and ~b! X'.
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model parallels that developed by Macfarlane9 to explain the
optical and magnetic properties of Ti31:Al 2O3, a 3d1 system
related to the Cu213d9 system. Our approach uses the theo
of Ham6 that takes into account second-order perturbati
from the lattice vibrations. Our extension of the model
include third-order contributions had little effect on the a
gular momentum coupling nor on the energy levels.

In the analysis, the2E–2T2 interaction parameters dete
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m
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FIG. 2. Components of the magnetic and anisotropic susce
bilities for Co21:ZnO. Dots represent the data points, see the t
for the physical significance of the curves. The error bars for
experimental data is the size of the plotted points.~a! X i , ~b! X' ,
and ~c! DX5X'2X i.
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mined by Dietzet al.~these do not show the large orbit
reduction! were used: spin orbit,z85720 cm21; trigonal co-
efficient, K85277 cm21; and orbital reduction,k850.87.
The parameters from the Jahn-Teller calculation for the2T2
manifold are; the Jahn-Teller parameter,x52.975; the sec-
ond trigonal field parameter,K5271 cm21; and the phonon
energy,\v51059 cm21. These then give the calculated va
ues: G4,5(

2T2)2G6(2T2)5176 cm21, gi(G68)50.1368,
g'(G68)51.526,gi(G4,5)52.229, andg'(G4,5)50.278. The
orbital reduction factor was taken to bek50.87, the same a
k8. There are in addition off-diagonal matrix elements in t
magnetic field that determine the Van Vleck susceptibilit

The agreement between calculated and observed sus
tibilities was extremely good for bothx i andx' except near
T5154 K. The residualx~obs!2x~cal! were analyzed by a
very simple antiferromagnetism model with excellent resu
The makeup of the clusters in Cu21:ZnO remains subject to
speculation. The Neel temperatureTN of monoclinic CuO is
230 K, which is 50% higher than our value 154 K for Cu21

clusters in tetrahedral ZnO. It could be that the difference
the Neel temperatures is due to the different crystalline st
ture for the two systems.

The agreement between observed and calculated sus
tibilities, including all terms, is illustrated in Fig. 1. The ligh
curve shows the calculated results neglecting the antife
magnetic terms from the presumed clusters. The error
for data between room temperature and nitrogen tempera
are the size of the plotted points except for points near 9
where it was difficult to maintain the temperature lo
enough to insure that the sample temperature was the s
as the housing tube. Below the nitrogen point the errors
larger and are three times the size of the plotted points.

More recently Volz et al.10 studied the nearly cubic crys
tal Cu21:ZnTe using infrared techniques to observe the p
non spectrum. These authors measured the spin-orbit s
ting in the 2T2 ground state,Eso568 cm21, and found it to
be much reduced from that expected for a free Cu21 ion
value, 1244 cm21. They attribute this reduction to a dynam
Jahn–Teller coupling in the2T2 ground state. On the othe
hand Cu21:ZnO has a large trigonal field associated with
and that complicates the calculation. In addition there
large terms connecting the ground state with the exc
states.

Co21:ZnO

The temperature dependence of the magnetic suscept
ties x i andx' of Co21:ZnO were measured from 5.7 to 29
K with a Faraday Balance1 and the anisotropyDx5x'2x i

from 4.2 to 23 K with a Torsion Balance.1 The Co21 ion,
concentration 0.049%, has electron configuration 3d7 with
, J
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4F being the ground state. The predominant tetrahedral c
talline field splits4F into 4A214T214T1 and 4P into 4T1 .
The smaller trigonal distortion and spin-orbit interaction sp
the ground4A2 state intoE1/21E3/2.

Optical measurements by Weakliem5 give the cubic field
parameter 10Dq53900 cm21. ESR measurements by Est
et al.4 on the E1/2 ground state givegi52.2404 andg'

52.2790 along with the zero-field splittingE3/22E1/252D
55.5 cm21. Subsequent measurements of the optical Z
man effect by Weakliem5 gave a slightly larger value for 2D
and g values consistent with the ESR results. Anderso11

revisited the optical spectra of Co21:ZnO with results sug-
gesting 2D slightly larger than 5.5 cm21 and the existence o
a small number of Co21 pairs in the samples with concen
trated doping.

Analysis of the magnetic susceptibility data on the mo
used by Estleet al. resulted in an excellent fit with 2D
54.0 cm21, 27% smaller than the ESR value. The cons
tency of 2D55.5 cm21 from the ESR and optical measure
ments indicates that the susceptibility measurements
‘‘seeing’’ something to which the ESR and the optical me
surements are not sensitive. Analyses including poss
ferro- and antiferromagnetic pairs were unsuccessful. Ho
ever, ferromagnetic pairs gave a trend of improvement in
data analysis while antiferromagnetic pairs made thin
worse. Estle and De Wit4 did detect very low concentration
of Co21 pair coupling in the crystal which they attributed
ferromagnetic or weakly antiferromagnetic interaction in t
crystal. Further, inclusion of a small fraction of ferroma
netic clusters gives an excellent fit to the data when
55.5 cm21 along withTi

c52.0 K andT'
c 52.8 K, the effec-

tive Curie temperatures.
The fit of the analyses to the data is illustrated in Fig.

The curve through the data points is essentially the same
2D54.0 cm21 without cluster effects and 2D55.5 cm21, in-
cluding the cluster effects. The light curve is for 2
55.5 cm21 without the cluster effects. The error bars for th
experimental data are the size of the plotted points.

From the results of the theoretical analysis with the e
pirical values of 2D,gi , andg' , the reduced spin-orbit cou
pling constant is determined to bel52140 cm21, a slight
reduction from the free-ion value of2176 cm21. However,
the modeling could not determine consistent values for
trigonal coefficientsB2

0 andB4
0.

The Cu21:ZnO crystals were supplied by Dr. Thoma
Estle and the Co21:ZnO crystals were supplied by Estle an
Dr. Herbert Weakliem. It should be noted that the measu
ments were made in the lab of Professor Chun C. Lin wh
he was at the University of Oklahoma.
.
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