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Critical behavior of epitaxial half-metallic ferromagnetic CrO , films
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Critical behavior of the epitaxial CrOfilm, a half metallic ferromagnet, has been determined by magne-
tometry with the magnetic field along the uniaxial anisotropy axis. The critical temperature has been deter-
mined to beT -=386.50+0.05 K. The critical exponents ¢f=0.371+0.005 andy=1.43+0.01 indicate that
CrO, is a Heisenberg ferromagnet.
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[. INTRODUCTION The single-crystal nature of the Cs@ilms has been re-
vealed by the pole-figure measurements. The results estab-
Chromium dioxide (Cr@) has recently attracted a great lish that the sample is a single-crystabxis CrG, film epi-
deal of attention because it is a half-metallic ferromagnetaxially grown on ara-axis TiO, substraté.
with only one spin band at the Fermi level. Spin polariza- Magnetometry measurements have shown that there is an
tions of 95 and 90%, the highest among all materials, havéntrinsic in-plane uniaxial anisotropy in the Cy@im along
been reported using spin-polarized photoemissiamd  thec axis, which is in the film plane for tha-axis film, with
point-contact Andreev reflectibnmeasurements, respec- an anisotropy field in excess of 800 Oe at room temperéture.
tively. However, because CrQs a metastable compound, Switching occurs only along the axis with a small switch-
much of its intrinsic properties remain not well known. Pre-ing field of 22 Oe. Furthermore, for an external fi¢ldap-
viously, only powder samples of CyOsynthesized under a plied at an angled with respect to the easy axis, only the
high oxygen pressure, were available. Recently, epitaxiatomponent along the easy axis contributes to switching. It is
thin films of CrQ, have been successfully grown by chemicaltherefore essential that the external magnetic field be applied
vapor deposition at atmospheric oxygen pressure, the detaitgong thec axis for the determination of the critical expo-
of which have been described elsewh&fidhe availability of  nents using magnetometry.
epitaxially grown single-crystal Cr{films provides the nec- We have measured the temperature dependence of mag-
essary medium for the studies of its intrinsic properties. It isnetization from 370 to 400 K at different magnetic fields in
particularly interesting to determine the critical behavior ofthe vicinity of the Curie temperatufg. in a superconducting
this unusual ferromagnet in view of its half metallic nature.quantum interference devid&QUID) magnetometry. Dur-
In this work, we report the critical behavior of epitaxial GrO ing the measurements, the magnetic fidldvas applied par-
films grown on single-crystal TiQ(100) substrate. The criti- allel to the easy axisq(axis) in the film. The demagnetizing
cal exponents of3, v, as well as the critical temperatufe. ~ field is negligible because of the thin-film geometry.
have been determined. The results indicate that this half me- Representative magnetization curveshbfvs T curves at
tallic ferromagnet is a Heisenberg ferromagnet. fields from 100 Oe to 10 kOe are shown in Figa)l At T
close toT¢, the initial susceptibilityy, and the spontaneous

. . . . 6
Il EXPERIMENTAL RESULTS AND ANALYSIS magnetizatiorM ¢ have the asymptotic relations®of

CrO, has a rutile crystal structure with a tetragonal unit i H y
cell of lattice parametera=b=4.419 A andc=2.915 A. H'TOM_XO “(T=Te)" T>Te, @)
Epitaxial CrGQ films can be grown onto isostructural TiO
single-crystal substrates. The Gr&€amples used in this work ; _ TV T<
are a-axis CrQ films of dimensions 5 mnx5 mm J'ITOM M (Te= D% T<Te, @

X 5000 A . The#/26 scan of the Cr@film grown on TiQ,

(100 substrate shows only th€200) and (400 peaks of wherey and 3 are the critical exponents fogy and Mg,

CrO, and TiQ,.* The rocking curve of CrQ (200) peak respectively.

gives a full width at half maximuntFWHM) of only 0.066°, In magnetometry measurements, because of the require-
demonstrating the high quality of the Cy@Im. As a com- ment of an external fieldV and notMg is measured. The
parison, the rocking curve of the TjQ200 peak of the values ofMg and Xgl, both are defined ati=0, can be
underlying single-crystal substrate shows a FWHM ofobtained by extrapolation td =0 with the use of the Arrott
0.034°. plots of MY vs (H/M)Y?, which, atT close toT¢, are
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FIG. 1. (@) The M vs T curves atH=100,
500, 1000, 3000, 5000, 7000, and 10 000 (.
The Arrott plot, MY# vs (H/M), for a CrG
film near T (373<T<396 K). (c) The sponta-
neous magnetizatioM ¢ and (d) the inverse ini-
tial susceptibility)(g1 deduced fromb).
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straight lines. As shown in Egs.(1) and (2), the critical The most stringent test of the validity of the critical ex-

temperature T can be obtained from plots of ponents is the scaling equatidricor a second-order phase
(dInyo*dT)"* vs T and @InM¢/dT)"* vs T, both of transition, the scaling equation is

which are straight lines nedlc. The critical exponent®

and y can be determined from the plots of Ibg vs lod1 M/|T—Te|A=f[H/|T—T¢|??]. 3
—T/Tc] and logy, Lys lod T/Tc—1], respectively. Since the

values of T¢,8, and y are not knowna priori, we have It follows that if the exponents are accurately determined, in
determined these values by iterations. In each iteration, théhe plots InM/|T—T¢|? vs InH/|T—T¢|#?, all the data near
starting values of8 and y in the MY# vs (H/M)¥” plot T should fall onto two curves, one fd@>T and the other
result in the slightly different final values g8 and y from  for T<T.. As shown in Fig. 4, this is indeed the case for the
the logM, vs lod1—T/Tc] and logy, * vs lod T/Tc—1] plots.  results of the epitaxial Crofilm.

The iteration continues until the differences between the

starting and final values g# andy are negligible. 7 : :
In Fig. 1(b), we show theM” vs (H/M)Y” plot for the 6/ T,=386.50K
CrO, film at constant temperatures nebg with 5=0.371 T[: 51
and y=1.43. The value oM and Xgl, obtained by linear = 4
extrapolation toH=0, are shown in Figs.(t) and Zd). As 'ég 3t
shown in Figs. 2a) and(b), the plots of @ In )((jlldT)‘l S s 2!
Tand dInM4/dT) 1 vs T, both are straight lines ned. . = 1 @

We have determined -=386.50-0.05 K from Fig. 3a)
and T-=386.51-0.05 K from Fig. Zb). The critical expo-

956 388 390 302 394 39
o T )

nents of3=0.371+0.005 andy=1.43+0.01 have been ob- T =1386.51K

tained from the plots of loiyls versus logl—T/T:] and . 5r ¢

Iog)(gl versus lo§T/Tc—1], as shown in Fig. 3. Using the _‘[g 10l

scaling relation of 3+y=848 we have determined the %w 15

value of the critical exponené=4.85 for the critical iso- g

therm. Previously, Kouvel and Rodbé&llsing Arrott plots ~ 20} ®)
of M? vs H/M, have found larger values of the critical ex-

ponents ofy~ 1.6 andé~5.8 using CrQ powder. However, 2376 378 380 T3(31§) 384 386 388
the value ofTc=386.50+ 0.05 K determined from this work

using epitaxial Cr@ films agrees excellently with the value  FIG. 2. Plots of (@ (dIny,dT)™* vs T and (b)
of Tc=386.5 K determined from powder sampfes. (dInM¢/dT)" 1 vs T of a CrG, film for the determination off ¢ .
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4 that all the data nedr fall onto two curves, one fof >T: and the
, ) other forT<Tc.
© L model® In our recent work, we have determined the anisot-
0005 001  0.02 0.03 ropy constant in Cr@to be K,;=2.7x10° ergs/cmi, which
T/T-1 is comparable to the values Kf, =4.8x 10° ergs/cni for Fe

o and K;=—0.5x 10° ergs/cni for Ni. Since the anisotropy
FIG. 3. Plots of(a) logMs vs lod1-T/Tc] and (b) logxo ™ VS energy decreases very rapidly as the temperature is raised
log[T/Tc—1] for the determination of the critical exponents 8f  tqward Tc, the measurements of critical exponents are not
=0.371 andy=1.43. affected by the anisotropy in the critical region, which is
known in Fe and Ni We conclude that the magnetocrystal-
There are theoretical predictions of the values of the critidine anisotropy is unlikely to affect measurably the critical
cal exponents, some of which are shown in TabfeFor  exponents in Cr@ However, since Cr@is a uniaxial ferro-
three-dimensional Heisenberg model with short-range intermagnet, it is essential that the magnetic field be applied
actions, the values arg=0.365 andy=1.386. For three- along the easy direction. .
dimensional Ising model with short-range interactions, the In addition to3 and y, there are other critical exponents
values are8=0.325 andy=1.241. For mean-field theory, associated with specific heat], critical isotherm ¢), and
the values arg8=0.5 andy=1. Our results of3=0.371, coherence lengthiy). With the two exponents determined,

_ ; ; the other exponents can be obtained by the scaling laws of
=14 I h f the three- .
Iﬁeisenie?gerﬁo?jse? o those of the three-dimensio#) B+y=B8,a+2B+y=2, andvd=2—a.g/W|th the values

Since the epitaxial CrQ films have in-plane uniaxial of B and y obtained for CrQ, we have obtaineds

magnetocrystalline anisotrofywe comment on the influ- —4-89#=—0.09, andv=0.70. As shown in Table I, all the
ence of anisotropy on the critical exponents. The 3D Heiseng!ltical exponents for Croare close to those predicted for
berg exchange interactions are purely isotropic, i.e., the exﬁ;}D Heisenberg interactions. Thus we concludeq that,. despite
change integral(r) is the same in all directions. But most 't unusual band structure, CQs a three-dimensional
real magnetic materials have magnetic anisotropy, such d<€iSenberg ferromagnet.

the uniaxial anisotropy in the epitaxial Cy@Ims, in which
[3)1>13.|, where|J;| and|J,| are the exchange integrals
along and perpendicular to the anisotropy axis, respectively. In summary, we have investigated the critical behavior in
The extreme anisotropic limit, =0 corresponds to the Ising epitaxial CrQ films. Critical exponents were determined

Ill. CONCLUSION

TABLE I. Critical exponents for specific heatf, order parameter ), susceptibility ¢), critical
isotherm (), and coherent lengthy) predicted by mean field, 3D Ising, and 3D Heisenberg models, and
those measured from epitaxial Gxrhe values ofx, v, and é for CrO, have been calculated from the values

of B andy.
Specific heat Order parameter Susceptibility Critical isotherm  Coherence length
o B v 1) v
Mean field 0 0.5 1 3 0.5
3D Ising 0.11 0.32 1.24 4.82 0.63
3D Heisenberg -0.12 0.36 1.39 4.80 0.71
Cro, -0.09 0.371 1.43 4.85 0.70
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