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Pulsed laser deposited epitaxial PrxCo100−x �x=8.7–27.6 at. % � thin films were systematically studied as a
function of Pr content. Structural and magnetic measurements reveal different phases for specific composition
ranges. In some cases, the phases observed are in contrast to their bulk counterparts. Uniaxial anisotropy at
room temperature is observed in all the films enabling excellent hard magnetic properties. Polarization de-
creases monotonically with the increase of Pr content, whereas coercivity exhibits a broad maximum near the
highly anisotropic PrCo5 composition. For the optimum combination of coercivity and polarization, the mea-
sured �BH�max reaches values of 310 kJ/m3, which exceeds the highest-energy product value reported for
RE-Co �RE=rare-earth� systems. Temperature-dependent ac susceptibility measurements reveal that films with
x=8.7–20.4 undergo a spin reorientation from easy axis to easy cone, but films with x=22.9–27.6 maintain
their uniaxial anisotropy throughout the temperature range of investigation. From the comparison of the
structural investigations and the spin reorientation temperature measurements, it is concluded that the spin
reorientation temperature is insensitive to the change in the lattice parameter of the PrCo5±� phase.
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I. INTRODUCTION

Permanent magnet thin films are of large interest in fun-
damental magnetism research and are important components
in today’s technical thin-film applications, such as magnetic
microelectromechanical systems and high-density magnetic
recording. Among the family of intermetallics, RCo5 phases
have attracted much attention due to outstanding intrinsic
properties such as high-ordering temperature �TC�, high mag-
netocrystalline anisotropy, and high saturation polarization
�JS�. PrCo5 possesses the largest magnetocrystalline aniso-
tropy ��8 MJ/m3� �Ref. 1� of all Pr-Co phases and highest
theoretical energy product of all equilibrium RE-Co phases.
From this theoretical viewpoint, the slightly higher saturation
polarization makes PrCo5 superior to the well established
isostructural SmCo5 for applications. However, it has hardly
been exploited as bulk or thin-film magnet as it is difficult to
avoid the formation of low anisotropic Pr2Co17 and Pr5Co19
as impurity phases.2,3 An additional fundamental interest
arises from a spin reorientation transition �SRT�, which oc-
curs at about 110 K and is apparent as an opening of the easy
magnetization axis into an easy cone around the crystallo-
graphic c axis.4,5

Preliminary results indicate that in epitaxial films, the for-
mation of a metastable PrCo7 phase is possible at 13 at. %
Pr,6 resulting in a high-energy product of 277 kJ/m3. In this
paper, a broad composition range of epitaxial films is exam-
ined in order to understand their phase formation range, ex-
amine their intrinsic magnetic properties, and correlate them
with the extrinsic properties. From Sm-Co films,7,8 it is
known that these properties can significantly differ from the
bulk. Therefore, first, the properties of bulk Pr-Co �Ref. 9�
and polycrystalline Pr-Co films10 are reviewed.

Several intermetallic compounds �Pr2Co17, PrCo5, and
Pr2Co7� exist in the composition range from 8 to 28 at. % Pr.

The Pr2Co17 crystallizes in the rhombohedral Pr2Co17 phase
�Th2Zn17 type� and is ferromagnetic with a Curie tempera-
ture �TC� of 1170 K, a saturation polarization JS=1.38 T, and
an anisotropy field �0HA=3.8 T and exhibits a planar aniso-
tropy at room temperature.1,11 PrCo5 is characterized by a
hexagonal CaCu5-type crystal structure and the intrinsic
magnetic properties are TC=905 K, JS=1.24 T, and �0HA
=14.5 T, having uniaxial anisotropy at room temperature.1,4,5

Pr2Co7 crystallizes in the hexagonal Ce2Ni7 structure and its
known magnetic properties are TC=620 K and �0HA=10 T.1

Necessarily, the properties of Pr-Co permanent magnets with
varying Pr content will not only depend on the microstruc-
ture but also on the contribution of the different phases and
their individual intrinsic properties. Chen et al. reported the
effect of composition on the magnetic properties of mechani-
cally milled powder and found that a uniform nanoscale mi-
crostructure and a high anisotropy field promote magnetic
hardening.9 Although a high coercivity is observed, the en-
ergy density is low because of the low remanent polarization
of these isotropic magnets. Terada et al. investigated the ef-
fect of composition on the microstructure and magnetic
properties of polycrystalline Pr-Co films as a function of
rare-earth content from 0 to 20 at. %.10 These Pr-Co films
�prepared at a substrate temperature above 300 °C� have a
good squareness ratio �JR /JS� of 0.8. However, a significant
energy density is not expected because of the low coercivity
in these films.

The successful preparation of epitaxial Pr-Co films12,13

leads to samples with a defined orientation of the crystallites
and therefore allows the study of the intrinsic properties
without the need for single crystals. Especially, there are no
reports on properties of epitaxial Pr-Co films with a varying
content of rare earth. Expecting the benefit from the epitaxial
growth, this paper gives a detailed investigation of structural
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and magnetic �intrinsic and extrinsic� properties of epitaxial
films in the composition range from 8.7 to 27.6 at. % Pr.

II. EXPERIMENT

Epitaxial Pr-Co films with Pr content ranging from
8.7 to 27.6 at. % were prepared on Cr buffered MgO�110�
single-crystal substrates in an UHV pulsed laser deposition
system �Lambda Physik LPX305 KrF excimer laser, 248 nm,
25 ns, �10−9 mbar� at a constant energy of 100 mJ, utilizing
computer controlled target and substrate movement. The
Pr-Co layer was deposited at a pulse repetition rate of 5 Hz,
whereas for Cr buffer and Ta cover layer, a repetition rate of
9 Hz was used. Prior to the film deposition, rate measure-
ments were performed on each target at room temperature
using an Inficon XTM/2 rate monitor. Film thickness and
composition were adjusted by varying the number of pulses
on each elemental target. The Pr-Co film, the Cr buffer, and
the Ta oxidation protection layer were deposited at 450, 350,
and �180 °C heater temperatures, respectively. The tem-
perature was achieved by placing a radiation heater 5 mm
away from the backside of the substrate and was controlled
by a thermocouple attached to the heater. The temperature at
the substrate is estimated to be �30 K less than the heater
temperature.

In order to verify the composition and thickness of the
films, two experimental techniques were employed: �i� En-
ergy dispersive x-ray �EDX� analysis was performed using a
scanning electron microscope �Philips XL20� at different ac-
celeration voltages in combination with elemental standards
and analyzed by a thin-film software.14 �ii� Rutherford back-
scattering spectrometry �RBS� using 1.7 MeV 4He+ ions was
used for standard-free thickness and composition determina-
tion on selected films. Crystallinity of the films was checked
by measuring �-2� x-ray-diffraction �XRD� patterns in
Bragg-Brentano geometry using Co K� radiation. To deter-
mine the texture and the phases present in the sample, partial
pole figures and �-2� scan were measured with a Philips
X’pert texture goniometer with Cu K� radiation. Magnetic
hysteresis at room temperature was measured using a Quan-
tum Design physical properties measurement system with
vibrating-sample magnetometer �VSM� in a maximum field
of 9 T. Temperature-dependent ac susceptibility was mea-
sured with an ac amplitude �0H=0.4 mT and a frequency
f =1 Hz, by using a superconducting quantum interference
device magnetometer �MPMS-5S, Quantum Design�. The
value of the spin reorientation transition temperature TSR was
evaluated from the peak of the ac susceptibility versus tem-
perature plot.

III. RESULTS AND DISCUSSION

A. Chemical characterization

Figure 1 shows the RBS spectrum of a Pr-Co film grown
on MgO�110� substrate with a Cr buffer and Ta cover layer.
The solid line represents the spectrum simulated by SIMNRA

6.0 �Ref. 15� assuming a Pr-Co layer of homogeneous com-
position over depth, while the symbols represent the experi-
mental data. The spectrum shows well separated peaks of all

four elements present in the layer stack. The heavy Ta was
intentionally chosen as cover layer to avoid overlapping of
the RBS signal of the cap layer with other peaks. The mea-
sured data fit very well with the simulated spectrum. The
atomic compositions and film thicknesses obtained through
RBS and EDX analysis for three representative Pr-Co films
are summarized in Table I. The samples are labeled with the
composition obtained from the EDX analysis. Thicknesses
obtained from RBS analysis for Pr13Co87 and Pr17.5Co82.5
films are in excellent agreement with the EDX measure-
ments, although these are two independent techniques. As
both methods quantify the deposited mass, lattice constants
obtained from the structural investigation �see Sec. III B�
were used to convert mass into thickness. For the Pr27.5Co72.5
film, the EDX analysis gives a somewhat higher value com-
pared to RBS data. To give a lower estimate, in the case of
slightly disagreeing results, always the larger thickness was
used to calculate the film polarization value in unit of teslas.
Compositions measured by EDX are slightly higher than the
RBS values for all the films listed in Table I. However, to be
consistent throughout the composition series, only the EDX
results were taken for data analysis, as these measurements
could easily be performed on all samples and proved to be
sufficiently accurate.

B. Structural characterization

Shown in Fig. 2 are the XRD patterns of the Pr-Co films
listed in Table I, deposited on Cr buffered MgO�110�. The

FIG. 1. RBS spectra of a Pr17.5Co82.5 film with Cr buffer and Ta
cover layer.

TABLE I. Thickness and composition of three Pr-Co films ob-
tained from RBS and EDX analysis. The samples are labeled with
the composition obtained from the EDX analysis.

Sample

Thickness �nm�
Pr-Co layer

Composition
Pr �at. %�

RBS EDX RBS EDX

Pr13Co87 71 70 11.6 13.0

Pr17.5Co82.5 83 83 16.7 17.5

Pr27.5Co72.5 86 92 27.0 27.5
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patterns consist of the �220� reflection of the single-crystal
MgO substrate, a Cr�211� reflection of the buffer, and �h00�
Pr-Co reflections. The appearance of a single series of Pr-Co
reflections indicates the textured growth of the Pr-Co films.
Also, the signature of the �h00� reflections illustrates that the
c axis of the Pr-Co grains lies in the substrate plane irrespec-
tive of the composition. Similar film growth is reported for
sputtered Sm2Co7 and pulsed laser deposited SmCo5 films,
also on Cr buffered MgO�110� substrates.16,17

The 2� position of the Pr-Co�200� peak shifts monotoni-
cally from 2�=49.14° to 2�=48.16° going from the Pr13Co87
to the Pr27.5Co72.5 film, respectively, which indicates the for-
mation of Pr-Co phases with a varying unit cell. The lattice
spacing obtained from the measured �200� peak position of
the XRD pattern increases monotonously with Pr content
above 13 at. %, as shown in Fig. 2�b�. The measured d200
value �0.2190 nm� of the Pr27.5Co72.5 film matches quite well
with the expected value �0.2191 nm� of the hexagonal unit
cell �Ce2Ni7-type structure�. Similar results are observed for
the Pr17.5Co82.5 film with a clear agreement between the mea-
sured value �0.2171 nm� and the value expected �0.2172 nm�
for a hexagonal unit cell �CaCu5-type structure�. However,
there is a clear disagreement between the values measured
�0.2151 nm� and expected �0.2109 nm� for a rhombohedral
unit cell �Th2Zn17-type structure� for Pr13Co87, a first indica-
tion that this film exhibits a different unit cell.

The line broadening of the Pr-Co�200� reflection mea-
sured by XRD as a function of Pr content is shown in Fig.

2�b�. The full width at half maximum �FWHM� follows a
parabolic behavior with its minimum close to the PrCo5
composition and largely increases toward low �Pr2Co17� and
high �Pr2Co7� Pr concentrations. It is known that the stable
RE-Co phases in the composition range from 10 to 22 at. %
RE, i.e., RE2Co17, RECo5, and RE2Co7, differ mainly in the
stacking sequence along the c axis of only a few varieties of
RE and Co rich planes.18 This explains the close similarity in
the x-ray-diffraction patterns of most phases with only a
slight difference in lattice parameters and only a small num-
ber of exclusive reflections. In the intermediate composition
range between 10 and 17 at. % RE, the TbCu7 structure
holds a special position, as it is derived from the CaCu5
structure by a partial replacement of RE atoms by Co
dumbbells.19 Although reported only for a given Co to RE
ratio of 7 �22% replacement of RE atoms�, the substitution
scheme holds for a variable amount of RE atoms and thus is
not clearly distinguishable from a CaCu5±� phase for small �.
Thus, we refer to the crystallographic arrangement of RECo7
as a structure rather than a phase. A similar view is taken by
Ge et al.,20 who interpret this structure as CaCu5 phase with
extended solubility of Co. Toward a composition of RE2Co17
�a 33% substitution of RE atoms�, the Th2Zn17 structure is
clearly distinguishable as an own phase with a unique atomic
arrangement. From the above consideration, it can be con-
cluded that epitaxial films prepared with the PrCo5 composi-
tion grow in a well defined crystal structure with a small
variation in lattice spacing, whereas for a lower and a higher
Pr content, it is suggested that the partial substitution of Co
for Pr is locally rather inhomogeneous and thus leads to the
observed broadening of the �200� reflection. An alternative
explanation of stress originating from a varying lattice mis-
match to the Cr�211� buffer is less likely, as the differences
are not significant.

Pole figure measurements are a useful technique to deter-
mine the orientation relationship of the film with respect to
the substrate and buffer. At the same time, these measure-
ments can be used to identify the different phases present in
the films by measuring distinct Bragg reflections.21 This is
especially necessary for epitaxial films, as the low number of
lattice planes parallel to the surface make measurements in
Bragg-Brentano geometry insufficient for a phase analysis.
Pole figure measurements have been performed on all films
with Pr content varying from 8.7 to 27.6 at. %. The measure-
ments are discussed and interpreted exemplarily for the three
samples listed in Table I. Figures 3�a�, 3�d�, and 3�g� show
measured Pr-Co�110� quarter pole figures. The appearance of
a single pole proves that the c axis of the Pr-Co grains lies
along the MgO�001� substrate direction for all the samples,
in agreement with the �h00� texture found in the XRD mea-
surements. Also, other pole figure measurements �not shown
here� such as for Pr-Co�101� and Pr-Co�111� poles are in
perfect agreement with the above mentioned texture and are
confirmed by a texture simulation software.22 These observa-
tions imply that, irrespective of the composition, the c axis
of the Pr-Co unit cell has a unique in-plane orientation. The
full epitaxial relationship is Pr-Co�100��001� �Cr�211�
��0 1̄ 1� �MgO�110��001�. Considering the nominal compo-
sition of the Pr-Co films listed in Table I, the phases expected

FIG. 2. �a� XRD pattern of three Pr-Co films described in Table
I. �b� FWHM �solid square� and d200 spacing �open circle� of Pr-Co
films as a function of the Pr content. Solid lines are a guide to the
eyes.
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from the equilibrium phase diagram are the ordered rhombo-
hedral Pr2Co17 phase �Th2Zn17 type�, hexagonal PrCo5 phase
�CaCu5 type�, and the Pr2Co7 phase �Ce2Ni7 type� for the
Pr13Co87, Pr17.5Co82.5, and Pr27.5Co72.5 films, respectively.
The Pr-Co�110�, Pr-Co�101�, and Pr-Co�111� reflections de-
scribed above are common reflections occurring for all three
mentioned Pr-Co phases.23 On the other hand, the Pr-
Co�204�, Pr-Co �201�, and Pr-Co�107� reflections are distinct
reflections, which exclusively occur for the Pr2Co17, PrCo5,
and Pr2Co7 phases, respectively. The characteristic Pr-
Co�204� pole expected for the Pr2Co17 phase is not observed
in the Pr13Co87 film. Also, the maximum intensity of 10
counts measured in a Pr-Co�107� pole figure �Fig. 3�c�� rules
out the presence of the Pr2Co7 phase in this film. On the
other hand, the signature of a Pr-Co�201� pole �Fig. 3�b��
indicates that this film crystallizes in the disordered hexago-
nal PrCo7 structure �TbCu7 type� rather than in the ordered
rhombohedral Pr2Co17 phase. The phase identification and
the precise crystal structure of this film are described in de-
tail in Ref. 6. As expected, the Pr17.5Co82.5 film shows a clear
Pr-Co�201� pole figure �shown in Fig. 3�e��, suggesting that
the film crystallizes in the hexagonal PrCo5 phase. However,
a pole figure measurement of the Pr-Co�107� reflection �Fig.
3�f�� illustrates the additional presence of the hexagonal
Pr2Co7 phase. This film with 17.5 at. % Pr consists of a mix-
ture of the hard magnetic hexagonal PrCo5 �CaCu5-type� and
Pr2Co7 �Ce2Ni7-type� phases. Figure 3�i� shows a measured

Pr-Co�107� pole for the Pr27.5Co72.5 film and confirms the
presence of the hexagonal Pr2Co7 phase. The measured Pr-
Co�201� �Fig. 3�h�� and �204� poles �not shown here� show
no significant reflections �maximum intensity of 10 counts�
and suggest the single-phase behavior of the Pr27.5Co72.5 film.

Due to the small number of visible reflections, a complete
structure determination cannot be achieved in epitaxial thin
films by typical XRD measurement in Bragg-Brentano ge-
ometry. An alternative is the measurement of 2� values of
several �hkl� planes on tilted poles in a pole figure measure-
ment setup. 2� values of the Pr-Co�110�, Pr-Co�101�, Pr-
Co�200�, Pr-Co�201�, and Pr-Co�107� reflections have been
measured for the Pr13Co87, Pr17.5Co82.5, and Pr27.5Co72.5
films. In order to obtain the a and c values from the experi-
mentally measured scans, theoretical peak positions have
been calculated by a structure simulation software for differ-
ent phases and the lattice parameters have been optimized to
give the best agreement with the experimental data. The op-
timized a and c values for the Pr-Co films mentioned above
are listed in Table II with the values reported for similar bulk
phases. There is a clear disagreement between the measured
values of the lattice parameters and the values expected for
an ordered rhombohedral crystal structure for the Pr13Co87
film, as described in Ref. 6. As the disordered hexagonal
PrCo7 phase is not an equilibrium bulk phase, the lattice
parameters of the Pr13Co87 film with disordered hexagonal
PrCo7 structure have been compared with a Pr-Co bulk

FIG. 3. Partial pole figures of Pr13Co87, Pr17.5Co82.5, and Pr27.5Co72.5 films. �a�, �d�, and �g� are Pr-Co�110� poles; �b�, �e�, and �h� are
Pr-Co�201� poles; and �c�, �f�, and �i� are Pr-Co�107� poles. The scale of the individual pole figures is adjusted to make the relevant
information more visible.
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sample with minimum concentration of additives, for which
the hexagonal PrCo7 is observed. There is good agreement
between the measured values of the lattice parameters with
the values of mechanically milled PrCo6.7Zr0.3 powders.24 An
excellent agreement between the deduced values of the lat-
tice parameters for the Pr17.5Co82.5 film with the values of the
bulk phase is obtained. Good agreement between the mea-
sured values of the lattice parameter a and the corresponding
bulk value for Pr27.5Co72.5 is observed. However, only a fair
agreement is obtained for the c lattice parameter.

Though our structural investigation indicates a single-
phase nature of the Pr-Co films in some composition, the
presence of stacking disordered along the c axis, as observed
for Sm-Co films investigated by transmission electron mi-
croscopy �TEM�, cannot be ruled out.25 Indeed, the large
FWHM observed for the films apart from a PrCo5 composi-
tion suggests that the lattice distance or the stacking order
varies on a rather small length scale, as opposed to a mixture
of phases with coherent regions large enough to result in
distinguishable XRD reflections.

C. Magnetic properties

Figure 4 shows room-temperature hysteresis loops of
Pr13Co87, Pr17.5Co82.5, and Pr27.5Co72.5 films measured along
the three nonequivalent perpendicular directions. Largely
open loops along the MgO�001� direction �parallel to c axis�
represent measurements for a uniaxial hard magnet. Nearly
closed loops along MgO�1-10� and MgO�110� directions are
observed, as expected when measuring a highly anisotropic
magnet along a hard axis. None of the hard axis curves of the
above-mentioned Pr-Co films saturate at 9 T �maximum field
available for the measurement�, illustrating that the aniso-
tropy field �0HA of these films is larger than 9 T. The epi-
taxial growth allows us to estimate the anisotropy field by
extrapolating the easy and hard axis curves. From the ex-
trapolated intersection, the anisotropy fields are estimated to
be �0HA=11, 14, and 10 T for the Pr13Co87, Pr17.5Co82.5, and
Pr27.5Co72.5 films, respectively, which is in excellent agree-
ment with a bulk PrCo7−xZrx �x=0.2� magnet with
PrCo7-type structure,26 the bulk PrCo5 phase, and the Pr2Co7
phase.1

Figure 5 summarizes the magnetic properties of the Pr-Co
films as a function of Pr content measured at room tempera-
ture. Shown in Fig. 5�a� are the saturation polarization �JS�
taken from the value measured at 9 T along the easy axis, the
remanent polarization �JR� measured along MgO�001�, and
the remanence ratio �JR

hard /JR
easy�, which is taken as a measure

for the magnetic texture. JS decreases monotonously with
increase of Pr content. This is understood from the dilution
of the magnetic entity in the system, when replacing Co
�4.9–5.9�B� atoms by Pr �3.5�B�. The remanent polarization
JR follows the trend of JS and decreases for higher Pr con-
tent. In the whole composition range investigated here, JS
and JR vary from 1.51 to 0.5 T and from 1.45 to 0.29 T, re-
spectively. As can be seen by the close match of JR and JS,
the squareness �JR /JS� exhibits values close to 1 ��0.9� for
most of the samples; only for the Pr rich films, it is reduced
to 0.58.

The remanence ratio between the hard and the easy axis is
a measure of the magnetic texture in the magnetic material.
This value ranges from zero for a completely anisotropic
magnet to 1 for an isotropic magnet. The observed magnetic
texture smaller than 0.12 for both hard directions shows the
high anisotropic nature of the Pr-Co films irrespective of
composition and phase and demonstrates the advantage of
epitaxial growth.

TABLE II. Deduced lattice parameters �a and c� of Pr13Co87,
Pr17.5Co82.5, and Pr27.5Co72.5 films with the corresponding bulk val-
ues of a similar phase. The values for the Pr13Co87 film are taken
from Ref. 6.

Sample Optimized Bulk literature

Pr13Co87 a �nm� �0.498±0.001� 0.4924a

c �nm� �0.404±0.001� 0.4042

Pr17.5Co82.5 a �nm� �0.501±0.001� 0.5016b

c �nm� �0.399±0.001� 0.3994

Pr27.5Co72.5 a �nm� �0.508±0.001� 0.5061b

c �nm� �2.403±0.001� 2.4171

aReference 24.
bReference 9.

FIG. 4. Room-temperature hysteresis loops of Pr13Co87,
Pr17.5Co82.5, and Pr27.5Co72.5 films measured with the field parallel
to MgO�001�, MgO�1-10�, and MgO�110�. Curves are not
desheared.
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Shown in Fig. 5�b� are the coercivity �0HC and the energy
density �BH�max as a function of the rare-earth content. The
coercivity reaches values between 0.35 and 0.86 T, which
are rather high for epitaxially grown films, and thus have to
originate from specific deviations of the microstructure from
the perfect single-crystal state. A similar behavior �i.e., sur-
prisingly high coercivity� has already been reported for iso-
structural, epitaxial Sm-Co films16,17 and was discussed in
terms of stacking disorder along the c-axis for Sm2Co7
films.25 Detailed microstructural investigation by transmis-
sion electron microscopy for PrCo5 films is underway but is
beyond the scope of this paper. For this work, the high co-
ercivity is considered as a general feature of these granular,
epitaxial films and the focus is put on the variation of the
coercivity with composition. For the film with lowest Pr con-
tent �8.7 at. % �, the coercivity is �0HC=0.35 T. It increases
with increasing Pr content, reaches a broad maximum of
�0HC=0.8 T around 16.5–23.5 at. % Pr, and decreases for
higher Pr content. A similar trend has been reported for poly-
crystalline Pr-Co films with a maximum of �0HC=0.4 T for
20 at. % Pr, where the PrCo5 compound is formed10 and for
mechanically milled powders with a high coercivity �0HC
=2.3 T for 19 at. % Pr.9 Coercivity requires both a high an-
isotropy field and an appropriate microstructure. As dis-
cussed in the structural investigations, these Pr-Co films
crystallize in the PrCo7 structure, PrCo5, and Pr2Co7 phase in
the vicinity of their nominal composition, respectively.
Among them, the PrCo5 phase exhibits a maximum aniso-
tropy field �0HA of 14 T as compared to 11 and 10 T for the
PrCo7 structure and the Pr2Co7 phase, respectively. From this
consideration, one expects a maximum coercivity around the
PrCo5 phase, which is indeed observed �Fig. 5�b��. The
above argument is strictly valid only when a similar micro-
structure is obtained for all films. However, as the observed

variation in coercivity follows the trend dictated by the an-
isotropy, we can deduce that the microstructural differences,
which are discussed in Sec. III B, do not largely influence the
coercivity.

In Fig. 5�b�, the energy density is also plotted as a func-
tion of the Pr concentration. �BH�max follows a similar trend
as the coercivity and reaches a maximum around 15.4 at. %
Pr. The very high �BH�max values of 250–280 kJ/m3 for
films with 8.7–13 at. % Pr are based on the high saturation
polarization achieved in these Co rich films. The energy den-
sity is limited here by the coercivity. This has been demon-
strated for a film with 13 at. % Pr,6 which obtained values of
�BH�max=277 kJ/m3 with JS=1.32 T, JR=1.28 T, and
�0HC=0.52 T. The theoretical maximum energy density of a
hard magnet with polarization JS=1.32 T is �BH�max

th

=346 kJ/m3 but requires a coercivity �0HC�JS /2=0.66 T,
which is not met by the epitaxial film. Thus, by increasing
the coercivity, one expects the energy density to come closer
to the theoretical upper limit. This is, indeed, observed for
the films with �15 at. % Pr. The optimum combination of
coercivity and polarization results in a high-energy density of
�BH�max=310 kJ/m3. The reduction of �BH�max at low Pr
content is due to the low coercivity and at higher Pr content,
it is due to too low JS. The high-energy density value of
310 kJ/m3 obtained in this epitaxial Pr-Co film exceeds the
energy density values reported for single-phase Sm-Co
films,27 multiphase Sm-Co/Co films,28 exchange coupled ep-
itaxial Sm-Co/Fe bilayers29 and SmCo5/Fe/SmCo5
trilayers,30 fiber textured Sm-Co/Fe multilayers,31 and iso-
tropic Pr-Co/Co films,32 and they are necessarily better than
the properties of less textured Pr-Co bulk9 and thin films.10

D. Spin reorientation transition (SRT)

ac susceptibility is very sensitive to any type of magnetic
phase transition and is often used to detect the spin reorien-
tation transition as an anomaly in the temperature depen-
dency. Figure 6 shows the real part of the ac susceptibility
���� as a function of temperature for Pr13Co87, Pr17.5Co82.5,
and Pr27.5Co72.5 films measured perpendicular to the c axis
�parallel to MgO�110��. �� increases with decreasing tem-
perature and exhibits a maximum for the Pr13Co87 and
Pr17.5Co82.5 films. This anomalous behavior in �� vs tempera-
ture is ascribed to the SRT in these films, which is in agree-
ment with reports on magnetic measurements on polycrystal-
line bulk PrCo7−xZrx �x=0.2� �Ref. 26� with TbCu7-type
structure, magnetic measurements on a PrCo5 single crystal,4

and ac susceptibility measurements on bulk PrCo5 powder33

with CaCu5 structure, respectively. Above the spin reorienta-
tion temperature �TSR�, the c axis is the easy axis of magne-
tization and below this temperature, it opens into an easy
cone. On the other hand, no anomaly in �� in the experimen-
tal temperature range for the Pr27.5Co72.5 film reveals the ab-
sence of spin reorientation in this Pr-Co film with a Pr2Co7
phase �Ce2Ni7 type�.

In the following, the observation of SRT is discussed to-
gether with the crystal structure and lattice dimensions ob-
tained from the structural investigation in order to clarify
possible correlations. The spin reorientation temperature

FIG. 5. Variation of the magnetic properties of Pr-Co films as a
function of the Pr concentration. �a� Saturation polarization JS �full
square�, remanent polarization JR �open square�, and magnetic tex-
ture �full and open circle�. �b� Coercivity �full triangle� and energy
density. “Ip” and “op” correspond to in plane and out of plane.
Solid lines are a guide to the eyes.
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�TSR� as determined from the maximum in the �� vs tempera-
ture curves �Fig. 6� for the series of Pr-Co films is summa-
rized in Fig. 7 together with results from the phase analysis.
Pr-Co films with 8.7	Pr at. % 	13 crystallize in the disor-
dered hexagonal PrCo7 structure with TSR�115 K. Despite
the obvious change in composition, TSR as well as the values
of d200 �Fig. 2�b�� and, therefore, the lattice parameter a are
more or less constant, whereas the lattice parameter c de-
creases for higher Pr contents �Table II�.

Films prepared in the range of 15.4	Pr at. % 	20.4 ex-
hibit a mixture of hexagonal PrCo5 and Pr2Co7 phases and

undergo SRT at TSR�110 K. In the same composition range,
d200 increases with Pr concentration �Fig. 2�b��. Pr-Co films
with 22.9�Pr at. % 	27.6 crystallize in the Pr2Co7 phase
and preserve their uniaxial anisotropy throughout the tem-
perature range of investigation. The d200 �Fig. 2�b�� continu-
ously increases with increasing Pr content for these films,
indicating a further expansion of the basal plane. Comparing
the observed structural changes and the spin reorientation
temperature, it is concluded that spin reorientation occurs for
all the hexagonal crystal structures derived from the CaCu5
structure by partial substitution of Pr or Co forming disor-
dered structure in the composition range of 8.7–20.4 at. %
Pr. Above 22 at. %, when the stoichiometric composition of
the Pr2Co7 phase is reached, spin reorientation vanishes. The
almost constant values of TSR below 20.4 at. % for the
PrCo5±� phase suggest that the TSR is insensitive to the
change in the lattice parameters.

IV. CONCLUSIONS

Epitaxial Pr-Co films with varying rare-earth content and
with �h00� texture were deposited on Cr buffered MgO�110�
single-crystal substrates by pulsed laser deposition. In the
whole composition range �8.7	Pr at. % 	27.6�, Pr-Co
films grow epitaxially with a unique alignment of the c axis
along the MgO�001� direction of the substrate. The dominant
phases present in these films are the disordered hexagonal
PrCo7 structure �TbCu7 type�, the hexagonal PrCo5 phase
�CaCu5 type�, and the hexagonal Pr2Co7 phase �Ce2Ni7 type�.
Pr-Co films prepared in the range of 8.7	Pr at. % 	13
crystallize in the disordered PrCo7 structure rather than in the
ordered rhombohedral Pr2Co17 phase. Pr-Co films with
15.4	Pr at. % 	20.4 exhibit a mixture of hexagonal PrCo5
and Pr2Co7 phases. For Pr-Co films with 22.9�Pr at. %
	27.6, a single Pr2Co7 phase is observed. All Pr-Co films
have a uniaxial anisotropy at room temperature with an an-
isotropy field of �0HA�9 T. While the Pr13Co87 and
Pr17.5Co82.5 films undergo a spin reorientation from the easy
axis to easy cone between 120 and 105 K. Pr2Co7 films pre-
serve their uniaxial anisotropy throughout the temperature
range of investigation. Spin reorientation is observed for all
Pr-Co films prepared in the range of 8.6–20.4 at. % Pr and
structural changes together with the spin reorientation sug-
gest that the spin reorientation temperature is insensitive to
the change in the lattice parameter of the hexagonal PrCo5±�
phase. Due to the high anisotropy field of the PrCo5 phase
and the excellent epitaxial growth, PrCo5±� films show very
good magnetic properties in this series. In the optimum con-
dition, with �0HC=0.66 T, JR=1.33 T, and squareness
=0.95, the measured �BH�max reaches 310 kJ/m3, which is
the best value reported for RE-Co magnets.
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FIG. 6. Temperature dependency of ac magnetic susceptibility
of Pr13Co87, Pr17.5Co82.5, and Pr27.5Co72.5 films measured perpen-
dicular to the c axis �parallel to MgO�110��. Solid lines are a guide
to the eyes.

FIG. 7. Summary of SRT temperature and crystallographic
phases of Pr-Co films measured as a function of Pr concentration.
Solid lines are a guide to the eyes.
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