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High Curie temperatures in ferromagnetic Cr-doped AIN thin films
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Al; _,CrN thin films with 0.02<x=<0.1 were deposited by reactive co-sputtering anflane(001)
sapphire. Room-temperature ferromagnetism with a coercive field of 85 Oe was observed in samples
with chromium contents as low &s=0.027(2.7%. With increasing Cr content the mean magnetic
moment is strongly suppressed, with a maximum saturation moment of 0.62 ang@dr Cr

atom at 300 and 50 K, respectively. We show that the Curie temperature ofGxN for x=0.027

is greater than 900 K. €004 American Institute of Physic§DOI: 10.1063/1.1763216

Since the discovery of carrier-induced ferromagnetism ingas of 70% N/30% Ar at a total pressure of 3 Pa was used.
INMnAs and GaMnAs,? there has been rapidly growing in- The temperature of the platinum resistive heater, on which
terest in the properties and potential applications of dilutehe substrates were placed, was held at 94@ui€ing an
magnetic semiconductof®MSs). The most significant limi- optical pyrometer, the actual substrate temperature was ap-
tation to application of these materials is the low Curie tem-proximately 150 °C below this.
perature Tc) generally observed in DMSs based on tradi-  The substrate heater was placed between the Al and Cr
tional compound semiconductors. This has prompted mantargets such that a series of;AlCr,N films with different
groups to investigate alternatives including magneticallyCr compositions could be fabricated on a set okE0mn?
doped oxides such as znd,Sn0,,° and Ti0,.° substrates in one deposition run. In this geometry ACr,N

Theoretical predictions of room temperature ferromag<ilms with Cr (x<0.027) could not be deposited because of
netism in 3-transition-metal-doped GaN indicated that Mn- limitations on the relative powers which could be applied to
and Cr-doped GaN are promising candidate DMSs, with Crthe Al and Cr targets. The concentration of Cr in the films
doped GaN likely to exhibit the most stable ferromagneticwas estimated by energy dispersive x-ray analysis of films
states’ Dietl et al. predicted from a mean field model that deposited on to silica substrates placed at either end of the
Mn-doped GaN should have & higher than room heater in each run; previous experiments had shown that our
temperaturé.Based on local-density functional calculations, geometry gives an essentially linear composition spread and
the exchange interaction between magnetic dopants argb the Cr concentration of each sample could be accurately
[1I-V compounds may explain the maximum observed criti- calculated from its position on the heater. Film structure and
cal temperature at different impurity concentratins. crystallographic texture were characterized using a Philips

Recently, room temperature ferromagnetism has beeg-ray diffractometeXRD) equipped with a Cu source. The
experimentally observed in Mn- and Cr- doped GaN andnagnetic measurements were carried out with the magnetic
AIN.**"*The T for (x=0.03-0.05) Mn-doped GaN films field parallel to the sample using a Princeton Measurement
has been reported to be over 75¢°1end ferromagnetic be- Corporation vibrating sample magnetomet®SM) fitted
havior with aT¢ higher than 400 K has been reported for with a furnace and a cryostat which enabled measurements
Cr-doped GaN?® Previous studies on AIN have reported a between 10 and 800 K.
large variation in the value of mean magnetic moment of  The thickness of films varied between 400 nm and 600
Cr-doped AIN films depending on the technique of deposiim. Atomic force microscopy was used to characterize the
tion and doping concentratidd;**but it is clear that high Cr  surface morphology; the mean and root mean square rough-
doping levels x=0.1) result in segregation. To date, ness values for a typical film were 4.8 and 6.1 nm, respec-
samples with varying Cr composition at levelg<(0.05) tively. The surface topography suggested columnar growth.
have not been studied. In this letter, we report the growth of ~ Our growth conditions resulted in a preferré@?2) ori-
Al;_,CrN films and show that higiics can be obtained at entation for pure AIN, i.e.¢c axis normal to the plane of the
low doping levels. film. Figure 1 shows -6 XRD scans of Al _,CrN thin

Thin film samples of Al_,Cr,N, were deposited on films with different Cr levels deposited at the same tempera-
c-plane (001) sapphire substrates by reactive dc co-ture onc-plane sapphire. It can be seen that all the films are
sputtering from an Al and a Cr target in an ultrahigh vacuumpredominantly(002) oriented, but that with increasingthe
sputtering chamber surrounded by a liquid-nitrogen filledintensities of other reflections increase relative to (0@2)
jacket with a base pressure below 207 Pa. A sputtering  diffraction peak. Foix=0.027 and 0.035 only thé02) re-

flection at 36.1° can be observed; for the sample with

Iauthor to whom correspondence should be addressed: electronic maik=0-046 the first indication of th€l01) AIN peak appears;
mb52@cam.ac.uk and forx=0.061 this peak can clearly be observed. The same
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FIG. 1. X-ray diffraction patterns of AL,Cr,N samples with varying Cr
composition deposited oo-plane (001 sapphire a heater temperature of
940 °C.

trend was observed in other deposition runs: prefecradis
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FIG. 3. Temperature dependence of the effective saturation magnetic mo-
ment (Mg), magnetic remanent magnetizatioM ), and coercive field
(H,) of Al,_,Cr,N with x=0.027.

Cr. However, there appears to be a narrow processing win-
dow in terms of deposition temperature and doping concen-

orientation dropped with increasing Cr content. No peakdration at which effective ferromagnetic doping of AIN is
corresponding to any other possible phase, such as CrNpossible and which also avoids second phase formation and

Cr,N or CrO,, were observed.
The magnetization versus magnetic fied £H) loops

maintains the preferred growth orientatirOur films have
been deposited under good vacuum conditions and so ferro-

for Al;_,Cr,N with x=0.027 andx=0.061 at 300 K are magnetic Cr@ formation, possible for the highly doped

shown in Fig. 2; both loops are strongly hysteretic, but it carfilms of Yang et a

be seen that the total moment fo=0.061 is substantially
lower than forx=0.027.M —H loops measured for=0.027
at different temperature20—-800 K were used to calculate
the saturation magnetization momeM §), magnetic rema-
nent magnetizationNlg) per Cr atom, as shown in Fig.3.

1,1 is extremely unlikely. XRD analysis

does not detect any other phase, although this does not nec-
essarily preclude the presence of nano-clusters of Cr or Cr

compounds.
The remanent magnetization for the 2.7% doped sample

was found to decrease with increasing temperatt®0 K);

Coercive field values as a function of temperature are alsbowever the films were strongly hysteretic at all tempera-
shown in this figure. It can be seen that the film is still tures. The coercive field and effective magnetization also de-

strongly ferromagnetic at the highest measurement tempergreased with increasing temperature. The relatively low sig-

ture of our system, 800 K.
As expected, the data show a progressive reduction

nal to noise ratio at high temperatures prevented the use of
jArrott plots to determind ; however, theM —H measure-

M s with increasing temperature but, as shown in Fig. 3, wements made at higher temperatures clearly indicateTyas

have also consistently observed a reductionvig values

higher than 800 K. Extrapolation of the linear dependence of

with reducing temperature below than 50 K. The effectivethe remanent magnetization to higher temperatures implies a

magnetic moment per Cr atom, deduced fréa-H loops
measured at room temperature, as a functior @ plotted

T well above 900 K, and probably closer to 1000 K.
The rapid decrease in effective saturation magnetic mo-

in Fig. 4. The data show a consistent reduction in total moment Mg per Cr atom with increasing Cr content may be

ment(inset of Fig. 4 with increasing Cr concentration.

The major difficulty in making AIN ferromagnetic is the
low solubility limit'® for magnetic impurities such as Mn or

M (enw/ca)

Magnetic Field (kOe)

FIG. 2. Magnetic field dependence of the magnetization of ATr,N films
for x=0.027 and 0.061 at 300 K.

associated with the decline in crystal quality with increasing
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FIG. 4. Effective magnetic moment per Cr atom for, AICr,N film as a
function of Cr concentration measured at 300 K; different growth runs are
distinguished by different symbols. The inset shows the same data expressed
as moment per unit volume.
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Cr content or may be due to enhanced antiferromagnetic COutH. Munekata, H. Ohno, S. von Molnar, A. Segmuller, L. L. Chang, and L.
pling at higher Cr concentrations. Alternatively, it is possible Esaki, Phys. Rev. Let63, 1849(1989.

that this decrease is a consequence of an increasing chemic#f- Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and Y.
instability with higher Cr concentration which may lead to V& APPl- Phys. Lett69, 363 (1996.

clustering. This decrease in total moment with increasing . >at© and H. Katayama-Yoshida, Jpn. J. Appl. Phys., Pai,2:334

doo s il hat alread L tor 2000
oping concentration Is similar to that already reported forsy j | ee s v. Jeong, C. R. Cho, and C. H. Park, Appl. Phys. Bait.

Mn—dope.d GaN filmg® The reason for thg dgcreaseM\s 4020(2002).
(<50 K) is not understood, but may also indicate a compet-5s. B. Ogale, R. J. Choudhary, J. P. Buban, S. E. Lofland, S. R. Shinde, S.
ing antiferromagnetic coupling. N. Kale, V. N. Kulkarni, J. Higgins, C. Lanci, J. R. Simpson, N. D.

At present, there seems to be no Sing|e theoretical model|Browning, S. Das Sarma, H. D. Drew, R. L. Greene, and T. Venkatesan,
which can explain the ferromagnetism in all DMS materials. Phys. Rev. Lett91, 077205(2003.

Ferromagnetism based on free-carrier mediated models pre - X Park, R. J. Ortega-Hertogs, J. S. Moodera, A. Punnoose, and M. S.
. . Seehra, J. Appl. Phy81, 8093(2002.

dI_Cted for Mn_dOp(_ad_ “ITV Seml(_JOIfldUCtOI‘S may not be ap- 7 “g46 ang H. Katayama-Yoshida, Jpn. J. Appl. Phys., Pai, 2485

plicable to AIN as it is highly resistive at room temperature. (;q0;).

It has recently been proposed that small Cr—N clusters couldT, pietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Scig@®

be strongly ferromagneti, and so could account for the  1019(2000.

magnetic moment and higfics in Cr-doped IlI-V nitrides.  °M. van Schilfgaarde and O. N. Mryasov, Phys. Re\63 233205(2001.

However, this appears to be inconsistent with our data, in’M- L. Reed, N. A. EI-Masry, H. H. Stadelmaier, M. K. Ritums, M. J. Reed,

which ferromagnetism is strongest at the lowest Cr concen- (Cz'ogbparker' J. C. Roberts, and S. M. Bedalr, Appl. Phys. #3473

trations and, as noted by Hoet a|.,1.5 the small size .Of th_e 1R, Frazier, G. Thaler, M. Overberg, B. Gila, C. R. Abernathy, S. J. Pearton,

clusters necessary for ferromagnetism seems certain to imply, ., . Newman, Appl. Phys. LeB2, 3047 (2003.

a superparamagnetic behavior which is inconsistent with thes g park, H.-J. Lee, Y. C. Cho, S.-Y. Jeong, C. R. Cho, and S. Cho, Appl.

hysteresis observed even at the highest temperatures in ouphys. Lett.80, 4187(2002.

films. 133.Y. Wu, H. X. Liu, L. Gu, R. K. Singh, L. Budd, M. van Schilfgaarde, M.

In conclusion, we have deposited ferromagnetic Cr- R. McCartney, D. J. Smith, and N. Newman, Appl. Phys. L8#. 3047
doped AIN films with strong(002) texture onc-plane sap- 1422023'\( A B Pakh ST h .
phire, showing high saturation magnetization moments of > ° 51?23’18('2062)_3 oMoy, . 1. Hung, and . . Tong, AppL Fhys.
0.62 and 0.74g/Cr atom at 300 and 50 K, respectively, for 1, Hori, S. Sonada, T. Sasaki, Y. Yamamoto, S. Shimizu, K. Suga, and K.
Cr contents as low as 2.7%. The magnetization measure-indo, Physica B324, 142 (2002.
ments carried out at higher temperatures indicate that th&m. Hashimoto, Y. Zhou, M. Kanamura, and H. Asahi, Solid State Com-
Curie temperature of Cr-doped AIN is higher than 900 K. mun.122 37(2002.

The most immediate app"cation for h|gh temperature ferro_l7The magnetization moment values measured at hlgh temperature

magnetic AIN may be in spin electronic devices as a spin— (>400 °Q using VSM in furnace mode required a different sample geom-
fiItering magnetic tunnel barriét etry and so these data have been scaled to the value obtained at room

temperature.
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