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Antiferromagnetic phase transitions in an ordered PtFe(111) film studied
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Neutron diffraction has been used to investigate the critical behavior at the onset of antiferromagnetic phase
transitions in g111) oriented PfzFe,; film grown on ana-axis oriented sapphirer-Al ,053) substrate. As in the
bulk, there is an antiferromagnetic reorientation transition fromQhe2n/a(1/2,1/2,0 phase to theQ,
=2m/a(1/2,0,0 phase upon cooling. The temperature dependence of the integrated intensity of the
(1/2,1/2,0 and the (1/2,0,0 antiferromagnetic Bragg peaks yielded the Néeel temperature of
160.25+0.2 K and a reorientation transition temperature of 95+0.2 K. The magnetization critical exgonent
is found to be 0.368+0.013 for th@; phase and 0.37+0.02 for tl@, phase. These critical exponents are in
excellent agreement with the predictions of tlieH&eisenberg universality class. A comparison of the transition
temperatures and the exponents in the film and in single crystal at the same alloy composition is presented.
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Magnetic thin films can exhibit structural and magnetic Heisenberg universality class, which describes the critical
behaviors that are different from bulk due to strain andbehavior of isotropic ferromagnets and antiferromagnets, has
changes in grain size induced by the substrate. Compared & three-component order parameter. TK¥ universality
ferromagnetic films, antiferromagneti@F) films are less class, which describes ferromagnets or antiferromagnets with
studied. Presently, there is a growing interest to investigat@lanar anisotropy, has a two-component order parameter. The
AF films to gain |ns|ght into the modifications in their mag- ISing Universality ClaSS, which describes the critical behavior
netic and structural properties. Antiferromagnetically orderec®f anisotropic ferromagnets and antiferromagnets, has a
thin films are currently used as pinning layers for creatingSingle-component order parameter. Each of these models can
unidirectional anisotropy in ferromagnetic layers in magneticoe used to describe the magnetic behavior ofdlfiaing, 2D
read head sensors and may be used in media applications @ganes, or 3D solids.
well. Antiferromagnetgy such as IrMn, PtMn and NiO, are A few alloyS of Pt with the 8 transition metals that order
typically used as pinning layers for elemental ferromagnetsin ClsAu (L1,) type cubic structure or in CuAlL1,) type
such as Co and Fe. Metallic antiferromagnets consisting ofetragonal structure exhibit AF orderifd.Atomically or-
transition metals are more attractive in such applications bedered PiFe crystallizes in the.1, phase and exhibits long-
cause of their higher exchange bias field and improved therange AF ordering with a Néel temperatuf,) of 160 K2
mal stability. Neutron diffraction measurements in epitaxialNeutron diffraction measurements of orderegHetfilms that
thin films can yield unique information on the magnetic or-are epitaxially grown on Mg(10) anda-axis-oriented sap-
dering, such as the AF structure, properties of magnetighire (a-Al,O;) substrates show that these films exhibit AF
phase transitions, and the thermal evaluation of the ordesrdering belowTy;=160 K with a wave vectoQ,=2w/a
parameter. These measurements enable the understanding(df2 1/2 0, in which the magnetic moments of Fe align
the correlation between structural and magnetic properties.antiferromagnetically in alternating ferromagnetic sheets in

Critical exponents enable us to understand antiferromaghe (110) plane. With the decrease of temperature, the inten-
netic phase transitions from a generalized point of Viger  sity of the Q; peak decreases and another AF phase with a
continuous phase transitions, including magnetic phase tranvave vector Q,=27/a (1/2 00 appears below Ty,
sitions, the critical exponents and the scaling functions de=100 K only in near-stoichiometric-grown 4fe films on an
pend only on global properties, such as the dimensionality od-axis sapphire substrate. The absence of@aephase for
the order parameter, the range of exchange interactions, affitms grown onto MgQ(110) was attributed to straihlt has
the dimensionality of the system. These three parameters deeen argued that the low-temperature AF phase occurs upon
fine the type and dimensionality of the universality class. Thea reorientation of the Fe spins, which produces alternating
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ferromagnetic sheets in th@00) plane? Although no mag-

netic Bragg peaks of the low-temperat@e phase could be 2500 - . .
detected for RFe films grown onto MgQ@110) with neutron 100.3K Pt..Fe
diffraction, both superconducting quantum interference de- 2000 - 119K [CIC

vice (SQUID) magnetometry and ferromagnetic resonance
(FMR) showed clear evidence of th@, phase in exchange
biased FeRf Fe bilayer films on MgQ110) substrates under
similar growth conditions. Presently, the origin of the two
antiferromagnetic phases is debated in the context of differ-
ent models, which include the degeneracy of the Fermi
surfacé& and the nesting of electron and hole Fermi surfdces.
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Moreover, recent inelastic neutron scattering experiments of 500 - .
PtFe single crystal showed magnetic excitations around

(1/2 0 O even aboveTy,, where no magnetic Bragg peaks

are observed. This lead to the hypothesis that abhyg or . . . I
spins order in theQ, phase, but fluctuate with a strong 0.48 0.49 0.50 0.51 0.52
(1/2 0 O correlatior® It has been suggested that this corre- g1 u)

lation then freezes beloW, into a noncollinear spin struc-
ture giving rise to both(1/2,0,0 and (1/2,1/2,0 AF

FIG. 1. The scattering intensity of the antiferromagnetic

Bragg peak_§.|t is desirablc_—:_to hqve a better understanding of(1/2 1/2 9 Bragg peak at selected temperatures in theFes;
the magnetic phase transitions infRt. Here, we report neu-  fijim.

tron diffraction study of the antiferromagnetic phase transi-
tions in an epitaxial BFe film grown ona-Al,O4 substrate.

The results show that the critical behavior of the order paperature from 100 to 175K for the Qohase and in the
rameter in the film at the two AF transitions follows the range of 75-100K for the Qphase with 2 K temperature

predicted behavior of thed3Heisenberg model.

intervals to investigate the phase transitions. The Bragg scat-

A 280-nm film of (111) oriented and chemically ordered tering peaks have line widths associated with the resolution
Pt.sFe,; was grown on anx-Al,0O; substrate using magne- Of the instrument and with the mosaic spread of the antifer-
tron sputtering as reported for the sample S1 in Ref. 4. Aomagnetic domains. The data was fitted by a Gaussian for

1-nm-thick Fe layer followed by a 2-nm-thick §&r layer
were used as seed layers for theP¢,; layer on the

quantifying the antiferromagnetic order andj-éndependent
term for the instrumental background. Figure 1 displays the

a-Al,O; substrate. The chemical order was achieved by1/2 1/2 Q Bragg peak intensity as a function gffor se-
heating the substrate to 750 °C during growth. The film wadected temperatures. Figure 2 displays tfi¢2 0 O Bragg
characterized by x-ray diffraction, which yielded the in- andpeak intensity as a function of the reciprocal lattice vector

out-of-plane lattice constants of 3.864 A and 3.872 A, re-for selected temperatures. In both cases, the integrated peak
spectively, and confirmed the existence of twins that are rointensity decreases as the temperature is increased to ap-
tated 60° with respect to each otfeFhe lattice constant is proach the transition temperature.

in excellent agreement with the value of 3.87 A reported for In a magnetically ordered state, the spins of the magnetic
bulk PtFe, and therefore the film grown anAl,O3 is es- atoms in a solid are correlated for an infinite time. Then, the
sentially free from lattice strain. Rutherford backscattering
was used to verify the composition with an uncertainty of

1% (Ref. 4. The (11-2) in-plane lattice vectors of Pfe,; Q,-2w/a(1/200)

twins are rotated 6° degrees with respect to the in-plane 500 e 590K '

c-axis of the sapphire substrate. Neutron diffraction measure- = 788K PtzsFes7
ments were performed using the HB1 triple axis spectrom- 400 o+ 902K @ -
eter of the High Flux Isotope Reactor Facility at Oak Ridge s 942K

National Laboratory, Oak Ridge, Tennessee. Neutrons with a
wavelength of 2.35 A were selected by a vertically focusing
pyrolytic graphite(002 monochromator. A pyrolytic graph-

ite filter was used to suppress the contribution from higher-
order harmonics of the neutron wavelength. A pyrolytic
graphite (002 analyzer crystal was used to reduce the
background and reject neutrons that were inelastically scat-
tered by the substrate. The collimation was opé®')-
monochromator-4@sample-40-analyzer-120-He®  detec- 0
tor. The sample temperature was controlled in the range of

300
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0.52
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10-200 K using a closed-cycle Helium refrigerator. The q (r.l.u)
temperature stability was better than £0.1 K in the range of
75-175K. FIG. 2. The scattering intensity of the antiferromagnetic

Diffraction peaks were measured as a function of tem<{1/2 0 0 Bragg peak at selected temperatures in thgHes; film.
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FIG. 3. The square root of the integrated scattering intensity
IgY2 of the antiferromagneti€l/2 1/2 Q Bragg peak as a function
of temperature showing the onset of Néel order-dt60 K in the
PtqFe, film. Inset shows the log-log plot df;'2 versus reduced
temperature. The solid line is a fit by Eq(3).

FIG. 4. The square root of the integrated scattering intensity
1512 of the antiferromagneti€l/2 0 0 Bragg peak as a function of
temperature showing the onset of Néel order~&5 K in the
Pt,sFey; film. Inset shows the log-log plot dfy'2 versus reduced
temperature. The solid line is a fit by Eq(3).

scattering of neutrons by the crystal is purely elastic. The 112 R
differential cross section for elastic magnetic neutron scatter- lg™"~ M =Mgt", 3)
ing is given by wheret=(1-T/T,) is the reduced temperature agds the

critical exponent® The values of the critical exponent and
, (1) the Néel temperature have been determined by the following
method. First, the reduced temperattiis calculated for a
_ o _ value of Ty. Thenlg!? is plotted as a function of in a
whereN is the number of magnetic ions, is the neutron  |og-log plot as shown in the inset in Fig. 2. The data is fitted
initial velocity, Q is the scattering vectorFy, =QXFy  py Eq.(3) to extract the error. The procedure is repeated for
X Q is the magnetic structure factdfy is the structure fac-  gjfferent values offy to obtain an error versugy curve that
tor Of the Unit Ce”,TM:’Tik iS the reCipr00a| Iattice vector Of has the Shape Of a parabo'a_ The Valué’pfl\”th minimum
the magnetic structures is the propagation vector of the iy error yieldedTy, of the transition. The exponeyt is also
crystal structure, aned is the propagation vector of the mag- optained with a similar procedure. The solid line superim-
netic structure. The magnetic Bragg reflection occursQor nosed over the data in Fig. 3 is obtained for the best fitted
=7y. The integrated intensity of a magnetic Bragg reflectionygjyes of the Néel temperatufig,;=160.25+0.2 K and the

2

d 127
(d_g) = NV_:ETM Q= 7)|Fu L (7m)

(hkl) is given by%*2 critical exponent,3=0.368+0.013. The Néel temperature of
X ) 160 K reported for a P§ fey; single crysta@® from neu-
Ig(hkl) = C;A(8g) Y{Om)|Ful?, (2 tron diffraction is within the uncertainty of the fitted value.

_ ) The above value oB corresponds to the exponent expected

whereC is a constant that depends on the resolution of thgy, the 3D Heisenberg modé.
instrument,j is the multiplicity of the reflectionA(6g) is an Figure 4 shows the square root of the integrated intensity
angle factor that depends on the method of measurerignt, of the AF (1/2,0,0 Bragg peak as a function of tempera-
is the Bragg scattering angle,=-0.27X10*>cm is the  yyre. The onset of long-range antiferromagnetic order is seen
neutron-electron coupling constak®,,?) is the orientation at T~95.0+0.2 K. The order parameter, which is propor-
factor which is given by(sin® ®) where® is the angle be- tional to the square root of the intensitys'?), has been
tween the magnetization vector and the scattering plane, arflted to a power-law function defined in E(B). The Néel
Fw is the magnetic structure factor, which is proportional totemperatureT,, and the exponenB have been determined
the thermal average of the magnetic moment per Fe atom.by the procedure described above. Such an analysis yielded

Figure 3 shows the square root of the integrated intensityhe Néel temperatur€,,=95.0+0.2 K and the critical expo-
of the AF(1/2,0,1/2 Bragg peak as a function of tempera- nent,3=0.37+0.02 for th&Q, phase. The above value B,
ture. The onset of long-range AF order is seen at abouk 14% smaller than the transition temperature reported for
160 K. The square root of the Bragg peak intensly’?), Pt Fey; single crystal from neutron diffractiotf The
which is proportional to the sublattice magnetizatini.e.,  value of the critical exponent for th®, antiferromagnetic
order parameter, has been fitted to a power-law function: phase also agrees with the critical exponents of the 3D
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TABLE I. Comparison of the experimental values of the critical expoygeint Pt;sFe,; film and in a Pi; F6,5 7 single crystal determined
from neutron diffraction with the critical exponent of thd Beisenberg model from various theoretical calculations, of th&X$ model and
of the 3 Ising model.

Reference Model Method Critical exponefit
This work Neutron diffraction, @=(1/2,1/2,0 0.368+0.13
(PtaFeyy film) Neutron diffraction, @=(1/2,0,0 0.37+0.02

Ref. 2 Neutron diffraction, @=(1/2,1/2,0 0.40+0.03

(Pty3 Fe.7 Neutron diffraction, Q=(1/2,0,0 0.39+0.03
single crystal

Ref. 14 3l Heisenberg Monte Carlo+High temp. expansion 0.3689+0.0003
Ref. 15 3l Heisenberg Continuous renormalization group 0.37
Ref. 16 3l Heisenberg Field theond=3 expansion 0.3655+0.0005
Ref. 17 3 XY Monte Carlo+High temp. expansion 0.3485+0.0002
Ref. 18 3 Ising Field theory 0.325

Heisenberg modét* These measurements suggest that thesingle crystal and the theoretical predictions for three dimen-
antiferromagnetism of this material can be described by thsional model magnets is presented in Table I. The value of
3D Heisenberg model. This result supports the use of &e exponent for th@, AF phase in the single crystal and in
Heisenberg Hamiltonian for modeling the AF ordering in or-the film are in agreement with each other and with the pre-
dered PjFe alloys’ dictions of the &l Heisenberg un_iversality class. The agree-
In order to understand how epitaxial growth influences thement of the exponents in the film and in the bulk can be
critical exponents of R§Fe, it is desirable to compare the reconciled with the good lattice match of7gFe,; film with
present results of critical exponents with the critical expo-:]hoetea'tixa:f‘?hr:ae”;igersi?npepnqgf csrﬁgzilréé%%nvg(r)\?gauﬁs;f
nents of the AF phase transitions in bulkdPe,;. For this
purpose, we have digitized the neutron diffraction data ofO-368+0.013 for th€, phase ang=0.39+0.03 for th&,
Ref. 2 for the Pt Fe55 , Single crystal, whose composition is phase are within 1.5 standard errog of the predicted value of
almost the same as the composition of the alloy in our film 0.3485+0.0002 of the@XY model,  therefore, we cannot

oo s ‘conclusively rule out this model. The critical exponent val-
and extracted the magnetization critical exponghter the ues found for th®, andQ, AF phases indicate very small or

two magnetic phase transitions. The square root of the digi;eqigible anisotropy either in bulk or in the film of Fe-rich

tized counts are assigned as the standard errors on the N§Fe as can be expected for a material of cubic symmetry.

tron Bragg diffraction intensities. It is reasonable to comparerpe pegligible anisotropy of the single crystal and the film is,
the properties of our film with the PtF e 7 single crystal, therefore, an intrinsic property of the Fe-richsR4, i.e.,
since there is 1% uncertainty in the measurements of the e, alloy. The critical exponent values for both bulk and
composition of the film. The analysis procedure, describedhe Pt3Fe; film grown ona-axis sapphire are also similar to
above, yielded'y;=160.24+0.2 K ang8=0.40+0.03 for the  that of NiO, which is another low-anisotropy cubic antifer-
Q, phase. We find that th&y; value of the film and thdy;  romagnet for which3~0.38 was determinetf. Theoretical
value of the single crystal are the same within the experimeninvestigations of the critical behaviors of metallic cubic an-
tal uncertainties. The exponent in the single crystal is also iniferromagnets would be desirable for comparing with the
agreement with the result of the exponent found in thecritical exponents of Fe-rich Bfe at the two AF phase tran-
Pt,aFe; film and with the predictions of the 3D Heisenberg sitions.
model!*~*6The lower integrated intensity in the experiments  |n conclusion, using neutron diffraction measurements in
of Ref. 2 are responsible for the larger uncertainty in thethe range of 75-175 K, we have determined the Néel tem-
exponent found in the single crystal. perature and the magnetization critical expon@of the two
Similarly, the best fit to the digitized neutron diffraction AF phase transitions with the wave vectors/2(1/2 1/2 0
data of Ref. 2 returnedTy,=116.7+0.2K and 8 and 2r/a(1/2 0 0, in a (11Y)-oriented PFe,; film grown
=0.39+0.03 for theQ, phase in P J ey 7 single crystal.  on ana-axis-oriented sapphirx-Al,Os) substrate. The spin
Therefore, thefy, value in the film is about 18% lower than reqrientation transition temperature @ in the film is
the value found in the single crystal. The reduction of thefgund to be 18% less than the value in the bulk. The expo-
spin reorientation transition temperature in the film could benent in both the AF phases is in excellent agreement with
associated with different grain sizes in bulk and in the film. Iteyyonents extracted from the neutron diffraction data of Ref.
would be desirable to know the properties of this transitions o, g Pt F66- Single crystal and with the theoretical

in the film as a function of the grain size that can be conregictions for the 8 Heisenberg universality class.
trolled by the film parameters such as the seed layer thick-
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