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Successful synthesis of room-temperature ferromagnetic semiconductergF&10, is reported.

The essential ingredient in achieving room-temperature ferromagnetism in bulk ZHO was
found to be additional Cu doping. A transition temperature as high as 550 K was obtained in
Zng o 0=C Uy 010; the saturation magnetization at room temperature reached a value pE(&6

Fe. A large magnetoresistance was also observed below 100 ROG2 American Institute of
Physics. [DOI: 10.1063/1.1525885

Diluted magnetic semiconductof®MSs) have attracted be used as an additionpttype dopant into naturallp-type
a great deal of attention because of the possibility of incorZnO samples! The idea of additional Cu-doping in
porating the magnetic degrees of freedom in traditionalZn, ,FeO was highly successful and led us to a room-
semiconductor$? DMSs combine their transport and/or op- temperature ferromagnetic DMS. In view of the inconsistent
tical properties with magnetism, and thereby carry an enorfilm results, reproducibility was ascertained by measuring
mous potential of opening up a path to entirely new devicesseveral samples synthesized by the same procedures.
Until recently, (Ga,MnAs has been a representative DMS Polycrystalline samples were fabricated with the stan-
with its moderately high Curie pointimaximum T  dard solid state reaction method in Ar-filled quartz tubes.
~110 K) 2 However, an essential task in a realization of theHigh  purity ZnO(99.9% %), FeO(99.9%), and
potential is to find a DMS with the Curie point above room CuO(99.99% %) powders were mixed thoroughly and pro-
temperaturd:® cessed at 1170 K for 24 h. The single phase nature of

Recent theoretical works predicted ferromagnetismsamples was checked y-26 x-ray diffraction(XRD) using
above room temperature in a II-VI semiconductor ZnO, nora CuK, source; substantial amount of exposure time was
mally n-type, when doped with magnetic impuriti€$Since  allowed in the XRD scans to check even a minute amount of
ZnO is optically transparent, ferromagnetic ZnO would be aa secondary phase. Magnetization, resistivity, Hall coeffi-
transparent magnet as well. Despite intensive efforts on trareient, and thermopower were measured by employing two
sition metal-doped Zn@hin films the experimental results pieces of equipment, a magnetic property measurement sys-
did not converge on a definite conclusion; there are, for intem (MPMS) and a physical property measurement system
stance, contradicting reports on Co-doped ZnO thin filtfs. (PPMS, manufactured by Quantum Design. The supercon-
Even the successful report, in which Co-doped ZnO thinducting quantum interference device magnetom@#tMS)
films showedT ¢ of about 300 K, was attached with the res- was equipped with a high temperature oven facility. X-ray
ervation that the reproducibility was less than 18&ur- absorption spectroscopyXAS) was carried out at the
veying the current situation with transition metal-dopedDragon beamline of the Synchrotron Radiation Research
ZnO, one naturally comes to a suspicion that the inconsisterttenter in Taiwan.
results in thin film DMSs, within a group or among different Figure Xa shows a typical powder XRD pattern of
groups, might be due to sensitive dependence of thin films ofn, _,Fe O for x=0.07. All the peaks belong to the hexago-
detailed process conditions such as target qualities, sulial lattice of ZnO, and no indication of a secondary phase is
strates, growing temperatures, oxygen pressure, etc. Thesund. A shift of XRD peak positions related to lattice spac-
thoughts motivated us to prolieilk samples rather than thin ing changes was clearly observed when the concentration of
films. Fe was varied; the data refinement revealed that the shift was

In this letter, we concentrate on Fe-doped ZnO bulkcaused by a variation of lattice spaciags displayed in Fig.
samples. As described later, Fe-doping alone turned out to bEb). The linear expansion of the-axis lattice spacing with
not sufficient for room temperature ferromagnetism in ZnO,increasingx indicates that doped Fe atoms substitute for Zn
and a third element was required. As one member of thétoms in the lattice up ta=0.07 under the current process-
transition metal group, Cu substitution may be considered agg condition. The incorporation of Fe atoms into the lattice
magnetic doping if Cu substitutes for Znas C&*. Cu-  was also evidenced from the XAS measurements, which
doping, however, did not induce a significant change in thgjielded the oxidation state of Fe to be mostly?Fe On
magnetic property of ZnO film$On the other hand, Cumay further doping of Fe above~0.1, the system enters a co-
existence region of the dominant hexagonal ph&sedoped

aAuthor to whom correspondence should be addressed; electronic mai#NO) and a minor (_3l_JbiC phag€eO. It ShOUId_ be n_OIed herg
yhj@postech.ac.kr that the Fe solubility of bulk ZnO found in this work is
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) ) hanced with Cu-doping, so thddg at room temperature of
FIG. 1. (8 Intensity of XRD vs 2, from a polycrystalline Zp ,FeO the sample with 1% Cu (0.76/Fe) becomes 30 times
sample withx=0.07. All the peaks belong to the hexagonal structure of B
ZnO. (b) Variation of the lattice constara vs Fe concentration. larger than that of the sample without Cu. The fact that

increases systematically only with Cu contents virtually

eliminates the possibility of Féor iron oxide clusters being
responsible for magnetization. The saturation occurs at

constant, not the-axis which is constrained by a substrate, 2 kOe, while the coercive f_|e_Id is about 20 Oe aF room tem-
that varies as the contents of Fe changes. This is a manifeg_erature. The small coercivity of a polycrystalline sample

tation of the difference between bulk and thin films which'ndicat(:"S the intrinsically soft nature of this material.
will be discussed elsewhetd ' Now that we have established ferromagnetism in

We now turn to the magnetic properties of,ZpFegO. Mo 95-yFe,0{CU/O at room temperature, its Curie tempera-

When measured at room temperature, a sample with tZure FIS of mtgresrt{. k:nhorderh tlo di;erml?;%—g qu
=0.05 showed a maximum saturation magnetizatibvh,)( F.n0-94 %-95Ck/lb-01 » Which s ZWSt ? arge Sfat n
However, the measurell, of Zng edFe, o0 (0.025u5/Fe, ig. 2(c), its M was measured as a function of temperature at

us=Bohr magnetopwas far too small to be considered as aalsmlall f'hEId(S%? ?é.tThe _rpea?urem, presenteipl 'ntFt'g' 3
room temperature ferromagnet. The situation is evident iff ca'y Shows thata transition 1o a paramagnetic state occurs

Fig. 2@), showing the magnetization—fieldi—H) curve of ~ "€&f 550 K. It is noted that the transition is rather sharp and

n sample at 300 K. We then attempted additional@PPears to deviate from a mean field description. The transi-
Cuo-.(?lstl):;)r.l((i:jsointo Zpe _Fe .0 as a means of Fr)endering o tion temperature of 550 K is considerably higher than the

spectable ferromagnetism to the system. According to DietL:,urle temperature of most DMSs. -More |njportantly, It is
et al, hole doping is most effective in achieving carrier- igh enough for the purpose of device applications at room
mediated ferromagnetism in semiconductodan and Choi

temperature.
showed that introduction of CuO into-type ZnO increases ¢ In addc!ltlon to ferroma}gngkl/lssm ,Ft'ransport pr:opelrtlesf are
resistivity up to 1% mixturé* which suggests that Cu can of exceeding Importance in - Figurea#tis the plot o
play the role of a p-type dopant. Cu-doping into

the resistivity of Zig g4 0Cly 01O at zero field as a func-
Zny.9& 00 Via the standard ceramic method neither cause

(tjon of temperature. The resistivity displays a typical semi-
any structure change nor induced a secondary phase up i;gnductmg behavior. At room temperature the resistivity
1% incorporation. A small amount of additional Cu-doping,

has a value of 0.0 cm. MagnetoresistancBMR=[p(H)
however, brought about drastic change#/iras illustrated in

higher than that of thin film8.The low solubility of the films
seems to be related to the fact that it is thaxis lattice
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FIG. 2. Room temperaturl—H curves of bulk Zggs_,Fe oCu,0: (a)

y=0, (b) 0.002, (c) 0.005, and(d) 0.01. The vertical scalémagnetic FIG. 4. Transport properties of €pfe,oCly:0: (8) The resistivity vs
moment/F& was converted from measured values, assuming homogeneousmperature(h) MagnetoresistancéMR) at various temperatures, MR is
magnetic states. defined ag p(H) —p(0)]/p(0). At 100 K, the MR isinsignificant.
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—p(0)]/p(0)} was also measured at various temperatures. In conclusion, we achieved ferromagnetism in
The measured MR of a bulk sample is very large and posiZn;_,FgO by Cu-doping, and the Curie temperature of 550
tive, as shown in Fig. @). However, the MR of K and the saturation magnetization of OufyFe were ob-
Zng o4F € 0=Cp 010 becomes insignificant above 100 K, eventained for Zn o4& g=Clg 01O.

if the system is still ferromagnetic. At present, we have no
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