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Uniaxial anisotropy and switching behavior in epitaxial CrO 5 films
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Epitaxial a-axis oriented Cr@ films with a strong in-plane uniaxial anisotropy exhibit easy-axis
switching at small fields and coherent rotation of magnetization at larger fields. Unique angular
dependence ofcos¢| and |sec#| have been observed for remanence and switching field,
respectively. ©2000 American Institute of PhysidsS0003-695(00)05228-1

Metallic ferromagnets with substantial spin polarization ~ We have used vibrating sample magnetomé#$M) to
are of importance in magnetoelectronic devices. Half-determine the easy axis of magnetization, the magnetocrys-
metallic ferromagnet, with only one spin band at the Fermitalline anisotropy energy, and the angular dependence of the
level, has the highest spin polarizatibchromium dioxide —magnetic characteristics at 300 K. The magnetic fi¢ltas
(CrO,)) has the highest measured spin polarizatip@%—  been applied in the film plane at various angéesvith re-
100% of all materials to daté-* Together with a Curie tem- spect to thec axis, and the magnetizatidl has been mea-
perature about 390 K, Ceprovides excellent prospects for sured along théd direction. The angular dependence of the
magnetoelectronic devices at room temperature. hysteresis loops is shown in Fig. 2. As shown in Figg)2

These attribute notwithstanding, Cf@ a metastable the easy axis of magnetization is tleeaxis with a square
compound, which irreversibly decomposes at about 200 °C hysteresis loop and a saturation magnetizatibg of 655
Hence, the investigation of the magnetic properties of CrOemu/cni. Along the easy axis, the magnetization reverses
has previously been limited largely to powders, with whichsharply at a small switching field dfig(0)=22 Oe. Along
essential magnetic properties, such as magnetic anisotroplge b axis at¢p=90°, a hard-axis loop is observed as shown
and switching behavior, cannot be addressed. In this workn Fig. 2(f). The uniaxial anisotropy along theaxis is the
we report the observation of in-plane uniaxial magnetocrysresult of the in-plane two-fold crystal symmetry of thaxis
talline anisotropy ire-axis oriented epitaxial Crgxhin films  oriented CrQ films.
made by chemical vapor deposition. Due to the strong As ¢ is increased from 0° to 90°, the remnant magneti-
uniaxial anisotropy intrinsic to the crystal structure, we havezationM, progressively decreases frdvhg to zero. The an-
observed very simple angular dependencécob¢| for the  gular dependence of squarendss/M is shown in Fig. 8)
remnance andisec¢| for the switching field. The hysteresis
loops at all angles can be quantitatively reproduced using a
simple model with uniaxial anisotropy.

The crystal structure of CrQis tetragonal with lattice Z (Tzlgé) (T;(?Oz) (a)
parameters oh=b=4.419 A andc=2.915 A. Epitaxial thin 5 cro, o,
films of (100) CrO, have been fabricated by chemical vapor = ﬂ(ZOO) 400)
deposition at atmospheric oxygen pressure onto (100Q)TiO 20 30 40 50 60 70 80 90 100
single-crystal substrates, as described elsewh&he Crg 26 (deg.)
samples are 85 mnt in size and about 5000 A in thickness. N
The 6/26 diffraction scan of a Cr@film shows only the Z ®)
(200 and (400 peaks indicating that it is aa-axis oriented ﬁ
film. The high quality of the sample is shown by the narrow :
width of 0.066° in the rocking curve of th€00) peak[Fig. 195 19.6 19.7 1%;8(dé9-? 20 201 202
1(b)]. The epitaxial nature of the CgQilm has been estab- © & @
lished by the pole-figure scafBigs. 1c) and 1d)], where \‘P \‘D
the (220) and (202 spots observed at tilt angles ¥ =45° v v

and 56.6° have the expected two-fold symmetry. X-ray dif-
fraction conclusively demonstrates that #i®0 CrO, film
is epitaxial to the (100) Ti@substrate with thé andc axes  rig. 1. x-ray diffraction patterns of a 5000-A-thigkaxis CrO, film on a

in the film plane. TiO,(100) substrateta) 826 scan,(b) rocking curve of(200 peak with a
full width at half maxima of 0.066°, pole-figure measurementgcpf(220)
and(d) (202 peaks, showing two-fold symmetry at tilt angle=45° and
¥Electronic mail: clc@pha.jhu.edu 56.6°, respectively.
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2K, /My,” for which the value is 830 Oe. It is noted in GrO
thatK, is an order of magnitude smaller th&n .

Using the free energy in Eq1l) the magnetizing curve
(M vs H) can be obtained from two equations, one from the
condition of 9E/96=0, which leads to

L =850

’ 2K ; sin# cosf+ 4K, sir® 6 cosd

M sin $—6) ' @
0; ‘¢=‘80° and the other is
0 : ] M =M cos ¢—0), 3
o © 1 ®
22000-1000 0 1000H(O )—1000 0 1000 2000 the magnetization measured alohy The magnetization
c

curve given by Eqs2) and(3) describes coherent rotation of

FIG. 2. Hysteresis loops af=300K of a 5000-A-thick single-crystal M as a single domain. Since the epitaxial Gfim is mac-
a-axis CrQ film with magnetic field at different angles @ of (a) 0°, (b) roscopic and not a single-domain particle of submicron size,

60°, (c) 80°, (d) 85°, (€) 88°, and(f) 90° from thec axis. coherent rotation o1 will be taken over by other processes
at the switching field.
as the open circles, which are very well describeddnsd| For increasingp, the switching fieldH¢(¢) of epitaxial

(solid curve. This simple angular dependence is due to theCrO, increasesmonotonically fromH¢(0)=22 Oe to very
uniaxial magnetocrystalline anisotropy along thaxis. Re- large values as shown in Fig. 2. We note the distinction
gardless of¢, the magnetizatioM is always along the  between the switching fielti,, at whichM switches, and
axis atH=0. Since the VSM measures the magnetizationthe coercive fieldH., at which M=0. For ¢=80°, Hq

component alongd at an anglep with respect to the axis, =H.. However, for¢=80°[e.g.,¢=85° and 88° shown in
the measured remnant magnetizatioMis= M cos¢. Thus,  Figs. 2d) and 2e)], M crosses zero before switching occurs
M, /Mg =|cos¢| is observed. atHg, and henceH.<Hg. The coercive field thus has the
The free energy density of a ferromagnet with uniaxialunusual apparent behavior of first increasing wittf¢
anisotropy is =<80°), then decreasing witth(»=80°), and vanishing at

. . 90°. It should be noted that the angular dependence of the

E=Ko+Kysi 6+ Kpsin' 6+ HMscod ¢—0), @ hysteresis loops shown in Fig. 2 is very different from those
where# is the angle betweel ; and the easy axis, arit, usually observed in ferromagnetic materials, for which the
K., andK, are anisotropy energy constants. The last term idargestH . occurs wherH is along the easy axisln contrast,
the Zeeman term due to the magnetic fieldapplied at an in epitaxial CrQ films, thesmallest H is observed along the
angle of ¢ with respect to easy axis. Although usually only easy axis, and the value &fg increases unabatedly for in-
theK, term is included, we have found that both tigand  creasinge. The observed angular dependence of the switch-
the K, terms are needed for CsOThe values ofK,=1.5 ing field Hg(¢) of CrO, is shown in Fig. 80). The solid
x 10t erglen?, K,;=2.7x1Cerg/lcn?, and K,=7.5 curve, which is in excellent agreement with the data, is
x 10* erg/cnt have been determined by the area method usH(¢)=H(0)|secd| with H,(0)=22 Oe. The unusual an-
ing the areas between the magnetization curves andithe gular dependence &, is, first of all, due to the fact tha#l
axis at three different angle®.g., #=0°, 45°, and 90°’ s essentially along theaxis at small fields, as manifested in
The strength of the uniaxial anisotropy figt) is given by  the observation oM, =M cos¢. The |secé| dependence
indicates that switching occurs when the projectiontHbf
onto thec axis reaches the critical value &f4(0)=22 Oe,

i.e., Hg(¢)cosp=H0).

The unusual angular dependence ofHg(¢)
=H,(0)|secq| shows that switching of magnetization tf
consists of domain reversal along thexis. Indeed, this type
of domain reversal has been predicted to display|seed|
angular dependenéeExperimental observation ofsecd)|
dependence oHg requires single crystals with intrinsic
uniaxial anisotropy. Previously, the angular dependence of
|secs| has been observed over a large rangepoh single
crystals (e.g., orthoferrites®1 In magnetic thin films, the
angular dependence @i, of |sece| is generally not ob-

: served. In rare cases, it has been observed but only for small
50 T80 240 360360 values of¢ in the range of £H(¢)/H4(0)<1.4*In epi-
¢ (deg.) taxial CrG, film, it is remarkable that, H(¢)

FIG. 3. Angular dependence @) squareness\, /M), (b) switching field - HS(0)|SeC¢| has been observed for essentially all values

H,, and(c) coercivity H.. The open circles are experimental data and the of ¢ with 1<Hy(¢)/H(0)=<13. This unique angular depen-

solid lines arglcosd| in (a), |[secd| in (b) and(c). dence further attests to the high quality of the thin films.
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1F - Expérimental data, ~Experimental data ] CrO, film stems from the _stro_ng in_—plgne unia_xial magneto-
— Calculated crystalline anisotropy, which is intrinsic to the in-plane crys-

(:'5 ¢=60° tal structure of the epitaxial film. As a result &f;>K, in
=) the CrG films, the ratio ofHy /H(0)=38 is much larger
E-o s than those for other ferromagnetic films with small switching

) (a) (b) field, such as permalloy films, which generally show ratios of

A ‘ ‘ , , Hy /H4(0) of order 18

-1000 -500 (Ooe) 500 1000 -500 H?Oe) 500 1000 In summary, epitaxiah-axis oriented Cr@films exhibit

in-plane uniaxial magnetocrystalline anisotropy intrinsic to
FIG. 4. Calculated hysteresis loogsolid lines at (a) $=45° and(b) ¢  the crystal structure. It displays coherent rotation of magne-
=60° and the experimental datapen circles of a 5000-A-thicka-axis  tization at all fields and angles except near the switching
Cro, fim. fields. The remanendd, shows gcos¢| dependence due to
the uniaxial anisotropy along the axis. Switching occurs
The constanK, in Eq. (1) is M¢H4(0), which is 1/4 of  along thec axis and the switching field exhibits a classic
the loop area in Fig. @) for ¢=0, thus a measure of the |secg| dependence due to domain reversal along the uniaxial
energy loss of the hysteresis loop. As shown in Fig. 2, foraxis. The calculated hysteresis loops with uniaxial anisotropy
¢+ 0, the loop is approximately parallelogram in shape withconstantsK;=2.7x 10° erg/ent and K,=7.5x 10 erg/cn?
an area of #,H,. Because of the unique angular depen-are in good agreement with the experimental results.
dence ofM, and Hy of |cos¢| and |secd|, respectively, .
M, Hg(p)=M¢H4(0), i.e., the loop area is independentdf This work has been supported .by NSF Grant Nos.
Since the loop area is the result of the energy loss due thR97'32763 at Johns Hopkins .Un|v.er5|ty and DMR94-
domain reversal, its constancy also indicates that switching i 4160 and 97-01579 at Brown University.

accomplished by the same process, namely, reversal of do-
mains along the axis. IR. A. de Groot, F. M. Mueller, P. G. van Engen, and K. H. J. Buschow,

In most ferromagnets, the magnetization-reversal mecha Phys. Rev. Lett50, 2024(1983.
g ! g 2K. T. Kamper, W. Schmitt, G. Gatherodt, R. J. Gambino, and R. Ruf,

nisms are much more complex and the hysteresis loops carphys. Rev. Lett59, 2788(1987.

not be easily reproduced theoretically. In the present epitax?R. Wiesendanger, H.-J. @therodt, G. Gutherodt, R. J. Gambino, and R.
ial CrO, films with uniaxial anisotropy, together with the 42“2 Fggfléﬁe.]v.I\I/_Iegfsi’rg‘ll\?/l(lsgggéofsk & Nadcormy. T. Ambrose. S. F
switching field ofHy(¢)= HS(O)|SeC¢|' hysteresis loops at C-he.ng, P. R.’ B.rou.ssgrd, C T ‘i’anaka, ?l] N.owak?J. S)/.’Mbodera, A.Y Ba.rr)./,
all angles can be numerically calculated using E@s.and and J. M. D. Coey, Scienc282, 85 (1998.

(3). As illustrated in Fig. 4 for the hysteresis loops feér ZL- Ranno, A. Barry, and J. M. D. Coey, J. Appl. Phd, 5774(1997).
=45° and 60°, the calculated results are in excellent agree-/fm\)’l‘"PLr']slsAé?‘g%tgé (Tl'ggg McGuire, P. R. Duncombe, and G. Xiao, J.
ment with the experimental data except near the switching'g"p_cyiiity, Introduction to Magnetic Material¢Addison-Wesley, Lon-
fields, where slight deviations occur. The excellent quantita- don, 1972.

tive agreement shows that the epitaxial Gfiin behaves as  °S. Chikazumi,Physics of MagnetisniRobert E. Krieger, New York,

a macroscopic single domain that rotates coherently at all;égga'ich S. Shtrikman, and D. Treves, J. Appl. P136.140 (1965

fields and angles except near the switching fields. 195 V. Ratnam and W. R. Buessem, J. Appl. Ph48. 1291 (1972.
The unusual magnetic characteristics observed in th&s. Middelhoek and D. Wild, IBM J. Res. Det1, 93 (1967.

Downloaded 02 Mar 2005 to 128.148.60.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



