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Novel structural features have been shown by single-crystal x-ray diffracti@®) in Pr,Fe;; and PyCo;;
intermetallic compounds. Some of these features are common characteristics of the two compounds, while
others appear to be specific to the cobalt- or iron-based phase. It has been found that in both cases the suitable
space group for the description of the rhombohedrsVRr (M =Fe, Co) structure iR3m and not the usually
considered centrosymmetrlegm group. This results in a puckered arrangement of Mheatoms in the
3d-metal plane and in the nonsymmetric position of the two crystallographically independent Pr atoms with
respect to the @ metal atoms in the mixed Rt layer. The Pr-Fe compounds are always stoichiometric even
in the presence of excess Pr in the starting nominal composition. The real structure is characterized by a very
frequent occurrence of obverse-reverse twinning domains stacked alongsttse The presence of multiple Pr
sites and, as a consequence, of different contributions to the magnetocrystalline anisotropy is the key to
explaining the occurrence of a double field-induced transition in the magnetization curveFef,Rrom-
pounds. In contrast some excess Pr was found in the cobalt compounds. Two groups of samples having,
respectively, low &£1%) and high &5%) excess Pr and consequently different anisotropy field values were
found, depending on the starting nominal composition. The origin of the differences observed in Fe and Co
compounds is discussed.

DOI: 10.1103/PhysRevB.68.054424 PACS nunider75.30.Gw

[. INTRODUCTION (space groufP63/mmn) four sites (4, 6g, 12j, 12k) are
still are occupied byM, while two sites(2b, 2c) are avail-
The intermetallic compound®,Co(Fe); (R denotes rare  able forR. The actual knowledge indicates that two metallic
earth have been the subject of intensive study during the lasatoms are symmetrically positionéioh a dumbbell configu-
30 years because of their outstanding magnetic characterigation) with respect to the basal plane of the structure con-
tics and rich phenomenology, which are due to the coexisttaining theR atoms(Fig. 1). However, to the best of our
ence of the complementary properties ofl 3and 4f knowledge, no accurate structure determination have been
magnetisnt. The peculiar properties of some Co-based com+eported so far foR-M compounds.
pounds are exploited in the preparation of high-performance In recent studies a double field-induced sharp transition
permanent magnets. The possibility of improving the in- was seen in the magnetization cuMé&H) of Pr,Fe,; at two
trinsic magnetic propertiggn particular, the magnetocrystal- critical values of the applied magnetic fiéld This peculiar
line anisotropy and the Curie temperatubpg the insertion of ~ feature has been interpreteds the occurrence of a double
relatively small amounts of nitrogen and carbon interstitialfirst-order magnetization proce68OMP).° However, in the
atoms$ has renewed the technological interest towards thérame of the FOMP model, which considers the system as
R,Fe; phases. rigidly coupled and described by the anisotropy energy ex-
On the basis of their powder diffraction patterns, the 2:17pression
compounds are usually supposed to crystallize in the rhom-
bohedral ThZn,; crystal structurgwhen R=Pr,Nd,Sm) or
in the hexagonal TiNi;; structure (when R
=Gd,Tb,Dy,Ho,Er,Tm,Lu). Both these structures can be

thought as derived from the pareRMg hexagonal cell L
(CaCu) through the ordered replacement of 1/3 of fRe the occurrence of a double transition in thMH) curves
would require the use of an unrealistic eighth-order anisot-

atoms with the balance stoichiometric amount of metallic ;
pairsM,: ropy constant. The attempt to describe _the observed feature
2 by using a two-sublattice model also failelIn fact, even
3(RMs)+M,—RoM 7 +R. (1) allowing for the occurrence of a canting arfgletween the

Pr and Fe sublattice magnetic moments during the magneti-
The rhombohedral TiZny; structure belongs to the space zation process no satisfactory result was obtained when at-
groupR3m, where a single sit€6c) and four different sites tributing only the second-order anisotropy constant to the Fe
(6¢,9d,18f,18h, following the Wyckoff notatiprare avail- sublattice. Indeed Fe, in,¥Fe;;, gives a planar anisotropy
able forR andM atoms, respectively. In the hexagonal phasethat is well described by only thi€, anisotropy constartt.

Ex=K;sir? 0+K,sint 0+ - - -, 2
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' r_rﬂ P ' Il. EXPERIMENT

a) el e J| ps } - N The p(_)lygrystallin? s?mples vxllere ﬁ){g}gﬁ% by ?;c rr';elting
e required amount of pure elemen@9. under Ar
' f—f‘ '—f‘—r ' atmosphere. In order to improve the sample homogeneity, the
specimens were remelted three times and annealed. Nominal
stoichiometric compositions and annealing parameters are
reported in Table I. Suitable single crystals for the diffraction
experiments were selected from crushed annealed polycrys-

‘ talline materials. Single-crystal data were collected on both a
—e—Q 10— — Philips PW1100 and a Bruker AXS 100 CCD diffractometer
et— 2 o - at room temperature using Méa radiation. The structures
b} + were solved by direct methods usirgre7 (Ref. 10 and

The Curie temperature values were determined by ther-
momagnetic analysi§sTMA), which consists of measuring
the temperature dependence of the initial ac susceptibility
(x) in an applied field of about 4 Oe at 500 Hz. This tech-
nique was also used to check the sample single-phase char-
acter and homogeneity. This determination is straightforward
with TMA, since multiple-phase behavior results in the pres-
ence of multipley(T) steps, while compositional inhomoge-
neities broaden the susceptibility drops.

The singular point detectidh (SPD technique was used
to measure the temperature dependence of the anisotropy
field H 5 and the critical field$ ., of magnetic-field- induced
transitions. SPD allows for a precise determination of these
quantities in polycrystalline samplés®3

r—I | e g e refined withsHELXL97 (Ref. 11).

IlI. RESULTS AND DISCUSSION

A. Thermomagnetic analysis

From thermomagnetic analysis, all annealed samples re-
sulted to be homogeneous. Pr-Fe samples were found to be
_FIG. 1. Comparison ofa) the basic crystal structure Ms  single phase, while the presence of some amount of free Co
with one of the(b) hexagonal andc) rhombohedraR,M ;7 phases, was detected in Pr-Co specimens. An example ofxttE)
obtained by the ordered replacement of 1/3 offetoms withM,  pahayior in the two systems is shown in Fig. 2. All the mea-
dumbbells. suredT values are reported in Table 1. For all the different
Pr-Fe compounds the Curie temperature value was found to
In order to reproduce the observed double transition, ibe the same within experimental error (288 K). Due to
was found to be necessary that both sublattices be describ&te fact that the ordering temperature is driven by the
by high-order K3) anisotropy constants. The Fe sublattice 3d-metal sublattice, this result indicates that all samples
does not satisfy this last requirement. It was thus necessaghould contain the same amount of iron. In contrast, in the
to find the responsible second complex anisotropy contribucase of Pr-Co compounds, small but significant differences
tion. The possibility for the samples to have off- were observed between thk: values of two groups of
stoichiometric compositiorfi.e., R in excesy the coexist- Samples: those grown starting from the stoichiometric com-
ence of mixed structure@exagonal and rhombohedraind position or with a Co excess and those W|th_ a Pr excess. This
the occurrence of extended volumetric defects were considghould correspond to different Co contents in the two groups.
ered as possible sources of the required second contribution.
A careful single-crystal x-ray diffraction analysis was thus B. Structural characterization
undertaken in order to discover the possible presence of not \when a rhombohedral lattice is described in terms of an
yet reported deviations from the usually acceptegFB;  R-centered hexagonal cell, six sets of transformations can
structural model. The StUdy was extended to the isostructurajccur, three of them |eading to the standard obverse setting
Pr,Co;; compound. The magnetocrystalline anisotropy, asand three related to the former by a simple inversion ofsthe
well as the Curie temperaturel {) of compounds, which andb axis, defining the reverse one. The two settings that
have been prepared with different starting compositiondmply the general reflection conditiorh+k+1=3n and
and thermal treatments, was measured along with x-ray-h—k+1=3n, respectively, are enanthiomorphic, so that
diffraction. the polarity is inverted moving from a set to the other. For
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TABLE |. Nominal compositions, heat treatments, and some magnetic properties of Pr-Fe and Pr-Co

samples.
Sample  Composition Heat treatment T (K)  Hgq (kO8  Hgn (kOe)  Hp (kOe)
label T=105K T=105K RT
F1 PrFe, 1000 °C for 3 days 285 45220.5 32.5:0.5
+slow cooling
F2 PrFe, 1000 °C for 3 days 286 46:00.5 30.0:0.5
+quenching
F3 PpFe; 1000 °C for 3 days 4420.5 32.1:0.5
+10% Pr +slow cooling
F4 PpFe, 1095 °C for 7 days 285 46230.5 31.2:0.5
+10% Pr +quenching
F5 PrFe, 1000 °C for 3 days 288 4430.5 32.6:0.5
+15% Pr +quenching
C1 PrCo,; 1000 °C for 3 days 1165 29180.5
+quenching
Cc2 PrCo; 1300 °C for 18 days 1158 20t50.5
+10% Pr +quenching
C3 PrCoyy 1200 °C for 8 days 1155 20#60.5
+10% Pr +quenching
c4 PpCoy, 1200 °C for 8 days 1155 18+10.5
+25% Pr +quenching
C5 PpCoy 1200 °C for 8 days 1165 28+0.5
+quenching

noncentrosymmetric space groups the true absolute configgame crystal. Therefore the data collection was performed in
ration related to the obverse-reverse setting can be establ cases in such a way as to access similar information for
lished onlya posteriorion the basis of the refinement results. both domain types. The reflections were then grouped into
Single-crystal diffraction experiments performed on sev-three sets. The first one, consisting of the reflections Wwith

eral PgFe, or PrCo; crystals, selected from different =3n, is common to both twinning domains, whereas the
batches, pointed out for most samples the simultaneous pre8ther two, consisting of thé#3n reflections obeying the

ence of reflection classes obeying both general reflectiogeneral condition—h+k+1=3n and +h—k+1=3n, re-

conditions previously described. The phenomenon, not unspectively, are representative of the diffraction contributions
usual in rhombohedral crystals, indicates the occurrence dif the obverse and reverse twinning domains, respectively. In
reticular merohedry that can be interpreted in terms of th@rder to take into account the relative orientation of the two

presence of obverse-reverse twinning domains within théinning domains within the same crystal, the originél
indexes of the third reflections set where changel kol in

order to transform the reverse lattice into an obverse one
rotated by 180° with respect to tlado plane(i.e., in a further
/ obverse lattice having the polar axis inverted with respect to
: original obverse lattice This transformation allows the si-
P’ZC%; multaneous refinement of the atomic parameters and of the
! : diffraction contribution of the twinning domains, by using

: two different scale factors for the second and the third sets,
PrFe, whose sum was constrained to fit the scale factor of the com-

mon reflections set.
L i The basic structure was solved by direct methods by using

Y 3335 SIR97 on a single obverse set of reflectiofi®., the major
TK) twinning domain contributioncoupled with the common re-
0 . L L L L . . . e . _
0 200 400 600 800 1000 1200 1400 f!ectlons set. I_Even in the presence of a §|gn|flcan_t cont_rl_bu
T (K) tion of the omitted sec_ond twinning domain to the intensities
of the common reflections set, directs methods were able to

FIG. 2. Temperature dependence of the initial ac susceptibilitfind & solution compatible with the typical 2:17 rhombohe-

x(T) in Pr,Co; (sample C2 The x(T) behavior for PsFe,  dral arrangement by using the centrosymme®&m and the
(sample F2is shown in the inset. corresponding noncentrosymmetR8m space groups.
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TABLE II. Lattice parameters, obverse/reverse volume fraction, and Pr excess for Pr-Fe and Pr-Co

samples.
Sample ah) c(A) R (%) Obverse/reverse volume fracti¢¥o) Pr excessX)?
F1 8.5781) 12.4662) 5.4 72.81)/27.21)
F2 8.5941) 12.4892) 8.0 not determined
F3 8.5771) 12.4621) 5.1 78.41)/21.61)
F4 8.5691) 12.4432) 5.0 75.81)/24.21)
F5 8.5971)  12.4791) 10.2 83.02)/17.02)
c1 8.4431) 12.28G2) 4.4 92.41)/7.6(1) 1.03)
c2 8.4541)  12.2731) 6.4 61.51)/38.51) 5.73)
c3 8.45%1)  12.2671) 8.5 61.91)/38.1(1) 4.54)
C4 8.4502) 12.25%3) 3.4 100/0 5.B)
C5AP 8.4571) 12.2762) 7.1 96.61)/3.4(1) 2.3(4)
C5B° 8.4341) 12.2561) 7.9 83.42)/16.61) 0

3Pr excess refers to the substitution of cobalt dumbbells with Pr atoms, resulting in the chemical formula

F)|’2+><C017— 2+
The two samples are fragments of the C5 batch.

Preliminary refinement tests performed in both space The complete stacking sequence viewed alongcth&is
groups showed similarities and discrepancies. The former arie shown in Fig. 8). The resulting structure is presented in
related to the appearance in the difference Fourier maps dfig. 4. It can be seen that on one side the pure iron layers are
residual peaks indicating a statistical distribution of Pr atomdgar from planar, as a result of the deformation induced by the
and iron dumbbells in two of the three sites occupied by theembedded iron dumbbells, whereas the Pr atoms are slightly
rare-earth metal in the parent 1:5 structure. This feature idisplaced along the axis with respect to the iron atoms of
clearly related to the diffraction contribution of the neglectedthe same layer. These deformations are at the basis of the
twinning domain, which is contained in the intensities of thedeviation of the structure from a centrosymmetrical model
common reflections set. The discrepancies consist mainly of
the arrangement Of the trans|t|on_metal |ayer m1/6, TABLE lll. Parameters for the X-ray diffraction of Slngle Crys-
where each atom is univocally defined in the noncentrosym@s-
metric space group, whereas it is statistically distributed over

two positions in the centrosymmetric one. In this situation  Sample label F4 c4
the ability to remove the disorder, in the absence of the ingormyla PsFe,, P, 0eCO16.00
version center, is solid evidence of a noncentrosymmetrig yice parametea (A) 8.5691) 8.4502)
structure. Therefore the final refinements were carried out i 4yice parametec (A) 12.4432) 12.2553)
R3_m by using Fhe complete diﬁractio_n dgta sets !n order tOSpace group R3M Ra3m
refme the re!at|ve volumes of the twinning domains, as de—CeII volume (A%) 791.2518) 756.03)
scribed previously. Calculated density (g cn?) 7.752 8.467

Linear absorption 31.52 36.58

1. PrFey coefficient (mm'1)

Several crystals from different batches have been investibiffractometer(Mo K «) Bruker Philips
gated(Tables | and I). In spite of different starting compo- SMART CCD PW1100
sitions and annealing conditions, all the samples were foundé,,,(deg) 49.0 76.1
to be stoichiometric and quite similar from a structural pointRange -9<h=<9, -—1l4<h<14,
of view. Crystal data and refinement parameters for a typical —8<ks=S8, —l4<ks<1,
Pr,Fe;; crystal are reported in Table Ill. Atomic coordinates —-1<I<7 o<lI<21
and displacement parameters are reported in Table IV andumber of measured reflections 4243 8276
selected bond distances in Table V. The rhombohedralumber of unique reflections 1138 549
Pr,Fe ; structure consists of alternate stacking along ¢he Number of reflections with 857 453
axis of two different layers resulting from different linking of £ >40(F,)

Fe; hexagonal unitsFig. 3). One layer is a pure iron layer, Number of refined parameters 41 43
while the secondthe dark one in Fig. @] contains Pr at- R wr2 0.050, 0.125  0.033, 0.060
oms and iron dumbbells in the ratio 2:1. In the latter layer,;oodness of fit 0.862 0.911

the hindrance of the guests produces a deformation of the
hexagonal units, which are enlarged around the Pr atom aritlot merged for compatibility with refinement of twined individu-
contracted around the dumbbell. als, and corresponding to 455 really unique reflections.
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TABLE IV. Atomic coordinates, occupancy factor&) and equivalent isotropic displacement parameters
for Pr,M ;7 compounds.

Sample F4
Atom  Wyckoff position X y z Q%) Uegx 10(A %)
Prl 3a 0 0 0.352B) 100 0.08315)
Pr2 3a 0 0 0.6683) 100 0.10916)
Fel 3a 0 0 —0.085515) 100 0.0743)
Fe2 3a 0 0 0.10438) 100 0.13246)
Fe3 9b —0.167312) 0.167312) 0.179515 100 0.0965)
Fe4d 9b 0.503®) 0.49649) 0.16888) 100 0.09725)
Fe5 9b 0.165®) —0.16538) 0.18948) 100 0.10425)
Fe6 18c 0.288110) 0.286810) 0.011110) 100 0.1225)

Sample C4
Atom  Wyckoff position X y z Q%) Ugqor Uisox 10 (A?)
Pri 3a 0 0 0.3522) 100 0.0488)
Pr2 3a 0 0 0.6642) 100 0.0388)
Pr3 3a 0 0 0.00023) 5.003) 0.04
Col 3a 0 0 —0.08788) 95.003) 0.04221)
Co2 3a 0 0 0.104®) 95.03) 0.03522)
Co3 9b —0.16597) 0.16597) 0.17478) 100 0.0302)
Co4 9 0.503%) 0.49685) 0.16265) 100 0.02215)
Co5 9b 0.1646) —0.164575) 0.18735) 100 0.05615)
Co6A 18c 0.287®) 0.285685) 0.00876) 95.03) 0.0379)
Co6B 18c 0.3333 0.3333 —0.001G27) 5.003) 0.04

and they have not been seen in previous studies of this strutypically =1% in nominally stoichiometric or cobalt-rich
ture type. The absence of the center of symmetry irRBen ~ samples and large{5%) in presence of a rare-earth excess
space group results in two crystallographically independenin the starting mixture. A unique stoichiometric cryst@bB)

Pr sites. Despite the fact that they differ in position with was found in a batch prepared starting with Co ex¢eemi-
respect to the bas®-M plane, it is found that these two nally Pr,Co,g), but other crystals of the same batch were
sites maintain a quite similar environment in the structurefoynd to be nonstoichiometri@.g., with a Pr excess larger
since the average Pr-Fe distance is almost equivaleRhan 204 in C5A. This seems to indicate a possible effect of
[3.17210) and 3.15811) A for Prl and Pr2, respectively e nonstoichiometry on the stabilization of the cobalt-based

Another interesting result arose from the refinement of thephase. On the other side, the Pr excess shows an upper limit

twinning domain contribution to the dlffrac_tlon of the crys- at about 6%, which cannot be increased further by increasing
tals. As can be seen from Table Il, the refined volume frac-

tion of the two twinning domains is quite independent of thethe Pr content in the starting mixture. On the basis of these
9 q P rFsuIts the analyzed samples can be grouped in two broad

measured _sample. This phenomenon can be understogd - th, corresponding to a Pr excess ranging around 1% and
by supposing the obverse-reverse twinning, resulting in th %, which are obtained when starting from stoichiometric

inversion of the polar axis, as a very frequent stacking faul " q d with
that characterizes this phase. Only under these conditions cggMmPosition(and Co excegsand with Pr excess, respec-

the probability to have almost equivalent twinning volume tVely: _
fractions by choosing different fragments in the same or in Structural analysis showed that the general features of the
different batches become realistic. structure are the same found for the corresponding iron com-

pound. The main difference consisted in a residual electron
density peak located between the two Co atoms forming the
dumbbell, which has been interpreted in terms of a partial
As in case of the iron compounds, several crystal fragsubstitution of the Co dumbbell with a Pr atom in the ratio
ments coming from different batches have been investigatei:1, leading to a chemical formula 2,Co;7_»,. This hy-
(Table ). Differently from the iron case, all the analyzed pothesis was confirmed by the structural refinement, leading
samples were found to be nonstoichiometric, with a Pr ex{o the appearance of a second residual peak located near the
cess up to 6% of the nominal rare-earth content of the 2:1TC06A position. Refining this peak as a partially occupied
composition. The praseodymium excess in the 2:17 phas€o6B site, alternative to the Co6A position, its occupancy
seems to be influenced by the starting stoichiometry, beingonverged to a value close to that of the additional Pr atoms
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TABLE V. Selected interatomic distancé&) for Pr,M ;; compounds.

Sample F4 Sample C4

Pri —Pr2 3.8926) Pri —Pr2 3.8104)
—Fe2 3.11018) —Co2 3.02911)

-3 Fe3 3.31614) -3 Co3 3.2589)

-3 Fe4 3.118) -3 Co4 3.0416)

-3 Fe5 3.241) -3 Co5 3.2146)

—~3 Fe5 3.218) —3 Co5 3.1416)

—6 Fe6 3.08) —6 Co6A 3.0475)

—6 Co6B 2.8213)
Pr2 —Fel 3.05619) Pr2 —Col 3.03210)
—3 Fe3 3.30715) -3 Co3 3.2709)

—3 Fe4 3.27010) —3 Co4 3.226)

-3 Fe4 3.18610) —~3 Co4 3.1316)

-3 Fe5 3.08() -3 Co5 3.0306)

—6 Fe6 3.0660) —6 Co6A 3.0275)

—6 Co6B 2.8171)

Pr3 -3 Co3 3.282)
-3 Co3 3.12919)
-3 Co4 3.18019)

-3 Co5 3.3%)

—6 Co6B 2.8171)
Fel —Fe2 2.393) Col —Co2 2.35415)
—3 Fe3 2.60712) -3 Co3 2.5997)

-3 Fe4 2.61p12) -3 Co4 2.5987)

—6 Fe6 2.74(13) —6 Co6A 2.6987)

Fe2 —3 Fe3 2.64612) Co2 -3 Co3 2.5767)
-3 Fe5 2.66410) -3 Co5 2.6116)

—6 Fe6 2.738L3) —6 Co6A 2.6907)

Fe3 —2 Fe4 2.44611) Co3 -2 Co4 2.4276)
-2 Fe5 2.47111) -2 Co5 2.4286)
—2 Feb 2.45(20) —2 Co6A 2.40911)
—2 Feb 2.42120) —2 Co6A 2.38011)

—2 Co6B 2.573)

—2 Co6B 2.393)

Fed —2 Fe5 2.5249) Co4 -2 Co5 2.4976)
—2 Feb 2.52014) —2 Co6A 2.5179)

—2 Fe6 2.678L3) —2 Co6A 2.6078)

—2 Co6B 2.513)

—2 Co6B 2.4%3)

Fe5 —2 Feb 2.6581L2) Co5 —2 Co6A 2.61%8)
—2 Feb 2.56814) —2 Co6A 2.5229)

—2 Co6B 2.703)

—2 Co6B 2.263)

Fe6 —Fe6? 2.48013 Co6A —Co6A? 2.4427)
—Fe6” 2.44713) —Co6A° 2.3997)

—Fe6® 3.4628) —COoBAC 3.6094)

—Co6BP° 2.8177)

®Relates to a transformationx+y,y,z.
bRelates to a transformationx—y,z.
‘Relates to a transformationx—y,z.
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FIG. 3. Projection along the axis of the PsFe;; structure, FIG. 5. The modification of the Co arrangement in the mixed
which consists of the alternate stacking of pure iron layéght Pr-Co planes of the ideal o, structure(a) with the substitution
gray) and mixed layergmidgray) containing Pr atomgdarge ballg of Co dumbbells by Pr atom®) that restore the typical situation of
and iron dumbbellgdark gray in the ratio 2/1:(a) superposition of  the PrCgq structure.

a couple of layers(b) superposition of the different layers in the

whole structure.
dumbbells[Fig. 5a)], becomes regular by considering the
displaced Co6B position, as required by the insertion of the

(Pr3), suggesting the existence of a strong relationship besubstitutional Pr atom for dumbbells. Such a substitution

tween the two residual peaks. As shown in Fig. 5, the sublfansforms the layer in a way that is typically observed for
stitution of a Co dumbbell by a Pr atom resuits in a modifi-th€ 1:5 phas¢Fig. S(b)]. As a consequence of the final re-

cation of the corresponding Co layer. The hexagonal networfnément the site occupancy of Co6B was constrained to that
formed by Co6A atoms, which is distorted in the stoichio-Of Pr3 and thexandy coordinates for the same atom were

{jxed to the values found in the difference Fourier mel's,
1/3), because of the proximity of the almost fully occupied
Co6A site.

Crystal data and refinement parameters for a typical
Pr,. ,Coy7_ o Crystal showing a large Pr excess are reported
in Table Ill. Atomic coordinates and displacement param-
eters are reported in Table IV and selected bond distances in
Table V. As in the case of the Pr-Fe system the pure
3d-metal layer shows a puckered arrangement and the two
independent Pr atoms are displaced along dhexis with
respect to the Co atoms forming the mixed Pr-Co layer. The
average Pr-Co distance involving the two independent Pr
sites is equivalent within the errée) [3.1206) and 3.1146)

A for Pr1 and Pr2, respectively

From the results of the structural analysis of the Pr-Co
system, the 2:17 structure seems to be stabilized by the pres-
ence of excess Pr. This can be interpreted in terms of stack-
ing faults of the corresponding 1:5 parent phase, whose pres-
ence in the Pr-Co system is well known. In contrast, the 2:17
structure in the Pr-Fe system, for which the formation of the

FIG. 4. A view of the PsFe;; structure showing the puckering 1:5 phase has not been reported, seems to be stabilized by a
of iron layers(light gray). Large balls represent Pr atoms, whereasdifferent mechanism, consisting of a frequent inversion of
iron dumbbells are shown in dark gray. the polar axis, as revealed by a systematic obverse-reverse
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FIG. 6. Temperature dependence of the critical field valigs
(filled symbolg and H,, (open symbols of the magnetic-field-
induced FOMPs in the samples F1, F2, F3, and F4 of composition
Pr,Fe;;.

FIG. 7. Generation of nonequivalent Pr sites at the twin bound-
ary of obverse-reverse domaina) a twin-free structure where all
the Pr atoms have a similar environmeiienoted by ); (b) a

twinning, which affects, to a similar extent, all the examinedtwinned structure, where nonequivalent sitésand Ill) are pro-
crystals. This obverse-reverse twinning has also been foun@!ced in the twin planéndicated by arrows
in most of the cobalt phase crystdgable 1I), but differently
from the iron case, the relative twinning volume fraction,
refined on the basis of the diffraction data, differs from _
sample to sample even within the same batch. The occusidering the usual centrosymmetR8m structure. The two
rence of twinning seems to be dependent on the considerextystallographic inequivalent Prl and Pr2 sites, occurring in
sample(or part of the samp)e while no relation was found the noncentrosymmetrie3m structure, could also be mag-
with the starting composition as well as with the different netically different, thus supplying opposite contributions to
annealing conditions. This leads to the conclusion that th¢he anisotropy. It must be considered that these two indepen-
polar obverse-reverse twinning in Pr-Co represents a stacklent atoms have quite a similar environment in a defect-free
ing fault that has to be considered to be casual rather thafiombohedral structuréhey are bonded to only one iron
systematic, so that twinned or untwinned fragments could batom of a dumbbell belonging to an adjacent layer; see site |
randomly found in the same batch. in Fig. 7). However, recent density functional calculatiths
have shown that slightly different positions and charge dis-
tributions of Fe and Co atoms in intermetallic compounds
C. Magnetic measurements may give risoe to a change of sign for the leading crystal-field
. . o . parameterB;, hence to opposite second-order anisotropy
o e e e e oy NN, A5 3 sl fet, e peromed sl
. valuations using the coordinates given in Table IV, with
that a double FOMP transition occurs at low temperatures fO{he effective ionic char off
gexQ, calculated for RyFe;;

critical values of the magnetic field applied along the . .
hardcaxis.‘"su(s_:ﬁg the SPDte?chniquetmect)ﬁ"leasuren?ent compounds® The values of the leading crystal-field

has been performed, as a function of temperature, on th%arameter

actual series of Pr-Fe sampl@able |). As seen in Fig. 6, no

differences can be foundwithin the experimental error et

among the critical field valuesH{,) for the different Bg=— E —(3 cog®,—1) 3)

samples in the considered temperature range. This result is ¢ 8meRy

consistent with the x-ray diffraction determinations, which

show that all PsFe; samples have the same stoichiometricare not significantly different for the two Pr ions. It is there-
composition, irrespective of the nominal Pr/Fe ratio and anfore unlikely that the two Pr1 and Pr2 sites are actually mag-
nealing conditions. This conclusion is also supported by thaetically inequivalent.

results of TMA, which indicate the occurrence of the same On the other hand, if the real structure is taken into ac-
T value for all the Pr-Fe compounds. On the other hand, theount instead of the ideal defect-free structure, it is found
peculiarity of magnetization curves of JFe;;, which con-  that Pr atoms lying in a twinning plane would have neces-
tains two field-induced transitiondOMP), was explainei  sarily a modified Fe environment with respect to a twinning-
only if at least two different Pr contributions to the anisot- free situation. In particular, one Pr atom would be bonded to
ropy were taken into account; this is not the case when coran additional iron atom of a dumbbell, whereas the second
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100 of the out-of-plane @ atoms, which correspond to the dumb-
bell sites.
80l (2) The Pr atoms do not lie in the Ri-basal plane. They
are displacedabove and beloywith respect to the plane,
~ 60[ 2 moving alongc in the opposite direction with respect to the
8 3 short apical interaction with thil atom of a dumbbell.
5( 40 (3) As a consequence of the puckered structure, the 2:17
T - rhombohedral phase must be described in the noncentrosim-
20 J metric R3m space group rather than in the usual centrosym-
metric R3m one. This change in the local symmetry could
have an effect on the microscopic description of the planar
(1)00 150 260 250 300 component of the magnetocrystalline anisotropy.

T(K) In the case of Pr-Fe compounds it has been found that the
resultant phases always have stoichiometric composition,
even in presence of a nominal excésem 0 to 25% of Pr
With respect to the stoichiometric composition. In contrast, in
the case of Co, the compounds are usually found to be non-
stoichiometric, with some Pr excess. However, two groups of
samples were identified: samples with low Pr excess
would interact with no dumbbell atoms at afiites Il and (= 1%) were always obtained when melting elements in the
lllin Fig. 7). These two sites are magnetically nonequivalent?0minal composition or with an excess of cobalt, while melt-
to the usual rare-earth sites. Since the occurrence of the polf}d With @ Pr excess, an amount of Pr of about 5%
twinning has to be considered systematic and very frequerf’2+xC017-2x) With respect to the stoichiometric composi-
in Pr,Fe ; (for the previously discussed reashrhese two tion was found. The quantityincreases with Pr excess up to
additional sites will contribute significantly to the global the maximum value of 6%. .
magnetic properties of the fiie;; phase, and they can be  The different compositional behavior of Co and Fe com-
considered as the source of the magnetic competition thgtounds seems to be correlated to the existence of the parent
creates the magnetic transitions in tié(H) curve of RCOs phase, for which the possibility of changing its com-
Pr,Fe;. posmo?ﬁal ratio from 1:5 to 2:17 continuously was also
Concerning PyCo,-, it is known that the easy magneti- Shown:” As a consequence, in the case 0j®7, an ex-
zation direction is along the axis of the rhombohedral C€ss ofR can be accommodated, with a resulting composi-
structure in the whole ferromagnetic range. X-ray diffractiontional shift toward the 1:5 stoichiometric composition. The
experiments show that this system, in spite of the startin@Ccurrence of Pr excess even when melting a mixture of
composition, usually contains some Pr excess. On the basiéments with Co excess indicate a possible effect of nons-
of the structural analysis, the samples can be grouped in twi9ichiometry on the stabilization of the cobalt-based phase.
broad sets, corresponding to a Pr excess ranging around 1t contrast, the 1:5 phase is not formed in theFe
and 5%, that are, respectively, obtained when starting from &yStem.,’**and as a consequence, the stoichiometric shift
stoichiometric compositioiand Co excegsand with Pr ex-  from 2:17 to 1:5 should not take place in the case of Fe. In
cess. Consistently with this finding, the measure of the anP2Féi7, a stabilizing role seems to be played by the frequent
isotropy field (), performed by the SPD technique, shows occurrence of the polarity inversion of the rhombohedral axis
the occurrence of two groups &1, values that differ by —(Obverse-reverse transitipn _
more than 30% at room temperatuFeT) (Fig. 8). The small It can be inferred that in the mixe-(Fe,Co) system, the
constitutional differences existing within the two groups of Strong preference of Fe for the dumbbell sites should prevent

low temperatures. the occurrence of Pr excess, thus favoring a Pr-Fe-like be-

havior. As for the replacement of Pr atoms by cobalt dumb-
bells, it has not been possible to establish if it takes place
IV. CONCLUSIONS randomly or rather concentrates in specific planes.
The presence of a polarity inversion gives rise to multiple
Novel structural features have been seen in thg&&4  Pr magnetic sites and thus to different contributions to the
and PgCo;; rhombohedral intermetallic compounds. Somemagnetocrystalline anisotropy. The peculiar magnetization
of these features are common characteristics of the two coneurves of PsFe;;, which contain two field-induced transi-
pounds, while others appear to be specific to the cobalt- ations (FOMP), that occur at two different critical values of
iron-based phase. In particular, the common characteristiahie applied magnetic field, were indeed explafhedly if
are as follows. two opposite Pr contributions to the anisotropy were taken
(1) The 3d atoms have a puckered arrangement in thanto account. The presence of independent Pr sites, which
3d-metal plane of the rhombohedral structure. This arrangehas been found in this study, can be the source of the second
ment is a direct consequence of the presence in the structurequired contribution.

FIG. 8. Temperature dependence of the anisotropy field valu
(Hp) for the samples Clempty dotg, C2-C3 (filled squarey C4
(empty squares C5 (filled dots.
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