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A compound PyCo,¢Bg has been synthesized successfully and its crystal structure has been investigated by
x-ray powder diffraction. It belongs to the,,. ,C0s,+ 3nBon (R=rare earthfamily with m=2 andn=3. The
space group i®¥6/mmm The lattice parameters age=5.1264(4) A andc=16.5602(6) A. Each unit cell
contains one formula unit of B€0o,9Bg, and there are nine kinds of equivalent positions in each unit cell, i.e.,
1b, 2e(1), 2e(2), 4h(1), 6i(1), 6i(2), 3f, 2d, and 4(2), which are occupied by 1B}, 2P¢?, 2P,
4cd?, 6Cd?, 6Cd?, 3cd?, 2BV, and 4B?, respectively. Magnetic measurements indicate that this com-
pound is ferromagnetic with a Curie temperature of 380 K. Its saturation magnetic moment at 5 K and room
temperature are 23ug /f.u. and 11.9.5 /f.u., respectively. Based on the experimental results of the saturation
magnetization, three kinds of Co sites with different magnetic moment are proposed sTogBy compound
exhibits huge planar anisotropy with an anisotropy field of 250 kOe at 5 K. No spin reorientation was detected
from the temperature dependence of the magnetization and the temperature dependence of the ac susceptibility
curves fran 5 K to room temperature. The behavior of magnetocrystalline anisotropy is analyzed using the
single-ion model.

[. INTRODUCTION located interstitially by gas-solid reaction modifications.
Here, we demonstrate an alternative strategy, in which we
In the ternary systemR-T-B (R=rare earth T=Co or propose a similar serieR,, 1Cos,,+ 3B> with high Co con-
Fe) there exist many compounds, some of which are outtent. This series, crystallographically equivalent to
standing candidates for the production of permanent magR,, ,Cos,3,B>,, IS expected to consist ah layers RCos
nets. This is in particular true for the compounds,Rgl,B.!  and one layelRCo;B,. After we carefully investigated the
In the case ofR-Co-B systems, it has been shown that phase diagrams dR-Co-B (R=Pr, Nd, Sm, Gd) systems at
homologous series of compounds exists between the compeelatively low temperatures, the seriBs,, ;C0sm. 3B, with
sitions RCo; and RCo3B,. This series is represented by a m=2 was confirmed to exi<f:16
general formuleR; ;. ,C05 3,B2,, which is formed by alter- In fact, the two homologous series mentioned above can
nating stacking of one layétCos andn layersRCo;B, along  pe expressed by a general form®a. ,, Tsm. 31Bo, Which is
the ¢ axis. Huge magnetic anisotropy is found in theformed by alternative stackingn parts RTs with n parts
Smy,.,C0s., 3,Bon System. For example, the anisotropy fieldsRT,B,.1” Some of the compositions represented by this for-
of SmCq, SmCoB, SmyCo;;B,, SMCaB; are found to be  myla can be regarded as real compound compositions, and
710, 1200, 1160, 1300 kOe at 4.2 K, respecti\?eﬁ]he we can presume thERm+nC05m+3nBZn have h|ghTC and
strength of the individual contributions of the Co sites to they1 due to the high Co content. Such compounds are not
magnetic anisotropy and the magnetic moments of the NOfknown in the R-Co-B system, but we suppose that
equivalent Co sites in these compounds have been studiggl . co.. . . B,, intermetallics may be obtained by anneal-
using .nucgear magnetic resonafictNMR) and _heuron  jng the samples at relatively low temperature for several
diffraction Smit, Thiel, and Buschofv determined the months. In this paper, we report the experimental results of
crystal-field parameters by measuring the ddloauer spec- ppco, B, (m=2 andn=3) on the synthesis, crystal struc-

trum of Gd ;. nC0s 3B,y . It was shown that B substitution tyre and its magnetic properties as well.
for Co entails an increase in the second-order crystal-field

parameters, which brings about the enhancement of the mag-
netocrystalline anisotropy. However, the Curie temperature
(T¢) and saturation momentg) of theseR;, ,Cos. 3,B5n
intermetallics are too low to be suitable for permanent mag- The samples examined in this work were prepared by
net fabrication.® In order to overcome these drawbacks, melting raw materials of more than 99.9% purity in an arc
many investigationd'*have been focused on either substi- furnace. In order to avoid the loss of boron during melting,
tuting Co by Fe or preparing materials with additional atomsboron was added through a master alloy of CoB. To ensure

II. EXPERIMENT
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the homogeneity of the samples, the ingots were turned and 8000
melted several times. The weight loss of the samples during
melting was less than 1%. After arc melting, the samples
were wrapped in Ta foil and sealed in a quartz tube. The
samples were annealed in vacuum at 873 K for two months
and then rapidly cooled to room temperature. The phase
identification of the samples was carried out by x-ray powder
diffraction, using a four-layer monochromatic focusing
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Guinier de Wolff camera with C&, radiation. The x-ray- -2000 ‘
diffraction (XRD) data, used to determine the crystal struc- 20 30 40 S0 60 70 80
ture parameters, were obtained in a Rigaku Rint diffracto- 20 (deg)

meter .With. CuK, radiation with graphite-mon_ochromator, FIG. 1. Rietveld analysis of the XRD pattern of;20,4Bg. The
operat|°ng Ina step—span .mode with a scanning step éof 2experimental data are indicated by crosses and the calculated profile
=0.02° and a sampling time of 2 s. The XRD pattern of &y the continuous line overlaying them. The lower curve is the
sample consisting of powder particléss40 um), which giterence between the experimental and calculated intensity at each

were magnetically aligned at room temperature, was used tgep, plotted on the same scale and shifted a little downwards for
determine the easy magnetization direction in this comciarity.

pound. Measurement of the ac susceptibility of the bulk
sample was performed betwe& K and room temperature
with a frequency of 314 Hz. Since the investigated com-
pound exhibits planar anisotropy at room temperature, the Figure 3 shows the temperature dependence of the mag-
magnetic alignment was carried out by means of the rotation?€tizationM(T) for a free powder sample of §0,6B¢ in &
alignment technique. In this technique, the fine-powdered®W field of 0.05 T measured in the SQUID in the tempera-
particles are mixed with epoxy resin and embedded in a TelUre range below room temperature and in a vibrating sample
flon tube of cylindrical shape. The tube was mounted on gnagnetometer above room temperature. A Curie temperature
motor which rotates the tube around its axis in a perpendicut T c) 0f 380 K was determined from”-T plots by extrapo-

lar magnetic field of about 1.0 T until the epoxy resin solidi-1ating M= to zero. The Curie temperature ofsE0,4Bg is

fies. It is easily understood that the cylinder axis of thedetermined by three different exchange-coupling constants:
aligned samples, being identical to the rotation axis during)tt: JrT, @ndJgr. The R-Rinteraction is generally ne-

the magnetic-alignment procedure, is the hard magnetizatioflected because it is much smaller than Th& and theR-T
direction of the compounds with planar anisotropy. The maginteraction. In addition, there are fel-Rbonds in the Co-
netic properties of the sample were determined in a magnetitch compounds. The® 4f interactionJg has only a minor
balance, a vibrating-sample magnetometer and a supercoffifluénce on the Curie temperature. However, it dominates
ducting quantum interference devi€gQUID). the molecular field experienced by tfemoment that, in
turn, determines the temperature dependence of the magnetic
moment and the magnetocrystalline anisotropy ofRRhens.
Since the Co-Co exchange-coupling constant is one order of
A. Crystal structure of the compound PrsCo;4Bg magnitude larger than tHe-Co exchange-coupling constant,
the Curie temperaturé: of Pr;Co,gBg is mainly determined

by the Co-Co interaction. Thus the Curie temperaflixeof
PrsCo,9Bg is

B. Curie temperature and exchange interactions

Ill. RESULTS AND DISCUSSION

The PeCo,gBg phase is normally not found in as-cast al-
loys, owing to the fact that it results from a peritectoid reac-
tion below 800°C. The reaction is essentially
2PrCqoB+Pr;Co,1B4—PrsCo;Bg. It generally needs pro-
longed annealing of several weeks at a temperature below Tc={Tpwp+ Tcocot [(Tcoco™ Trpd >+ 4Tprcd V312,

800 °C. Figure 1 shows the XRD pattern for the sample an- (2)
nealed at 600 °C for two months. The XRD pattern can be

successfully indexed with a hexagonal cell with lattice pa-whereT;; (i=Pr, Co) andTp.,can be written as
rametersa=5.1264(4) A andc=16.5602(6) A®1° The

unit-cell volume is 376.8@) A® and the calculated density is T.=(2A::Z::G;)/(3Kg) 2
D,=8.32 g/cni. An initial structure model was derived from ! S ®

the isostructural LgNi;Bg based on the space group and

P6/mmm There is one RCo,4Bg formula unit in the cell:

the Pr atoms occupy three different crystallographic sites

(1b, 2e,, 2e,), the Co atoms four different positions Terc=[2Apicd ZprcZcorGriGeo) 12 )
(4h4, 6i4, 6i,, 3f), and B the 2 and 4, positions. Ri-

etveld refinemeRt=22 was performed and the final refine- whereG;=(g;—1)2J;(J;+1), Z;; is the number of neareft
ment results are shown in Fig. 1 and Table I. Table Il listsatom neighbor of am atom, g; is the Lande factor of the

the selected atom distances in this compound. The pattemtom. Substitution of B at@and 4, sites for Co leads to
factorRp, the weighted pattern factét,,, and the expected the decrease of Co-Co exchange interaction. Thus both the
pattern factoR.,, are 9.6%, 12.3%, and 6.1%, respectively. magnetic dilution and the decrease of Co-Co exchange inter-
Finally, the crystal structure of EC0,4B; is illustrated in  action result in a drastic decreaseTof compared with the
Fig. 2. parent compound PrGo
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TABLE I. Atomic positions and lattice parameters of the;@&Bg structure obtained from the powder x-ray-diffraction pattern

refinement according to the6/mmmspace group.

Atom Position x/a y/b Zlc B (A? Number of neighbor atoms

Pr(1) 1b 0 0 0.5000 0.10 12Ga)+6B(1)+2Pr(2)

Pr(2) 2e, 0 0 0.29513) 0.10 6Ca@1)+6C02)+6Ca(3)
+Pr(1)+Pr3)

Pr(3) 2e, 0 0 0.095%2) 0.37 6C@3)+6Ca4)+6B(2)
+Pr(3)+Pr(2)

Co1) 6i, 0.5000 0 0.414@) 0.77 2P(1)+2Pr(2)+4Ca(1)
+2Ca(2)+2B(1)

Co(2) 4h, 0.3333 0.6667 0.2948) 0.95 3P(2)+3Ca1)
+3C0(2)+3Ca?3)

Co(3) 6iq 0.5000 0 0.17483) 0.18 2P(2)+2P1(3)+2Ca(2)
+4Ca(3)+2B(2)

Co4) 3f 0.5000 0 0.0000 0.29 4B +4Ca4)+4b(2)

B(1) 2d 0.3333 0.6667 0.5000 3.72 3Rr+6Cal)

B(2) 4h, 0.3333 0.6667 0.115%77) 1.48 3P(3)+3Ca3)+3Ca4)

Z=1 a=5.1264(4) A c=16.5602(6) A

R,=9.6% Ryp=12.3 Rg=5.9%, Rexp=6.1%, x?=2.0

C. Saturation magnetization and magnetic moments pounds. In compounds with nanstateR ions, the Co mo-
ment in general cannot be accurately determined because of
the unknown reduction of thBR moment by crystal-field ef-
fects or because of difficulties in saturating the compounds
as a result of their high anisotropy. However, it is possible to
. ; . ) . estimate the moment of the Co sublattice in these systems, if
to saturation. For B€0;¢B¢ in which Pris a lighR element  ihtormation is available about the moment. If we assume
(J=L-9), this implies that the totaR moment @Jug) IS the average Bf moment to be 24g,’ an average Co mo-
coupled parallel to the Co moments. Thus the magnetic MOment( ) of 0.6u5 is calculated. It is reasonable to assume
ment of PECoygBg, w5, can be expressed as that the Co atoms at different sites have different magnetic
= 5( )+ 19 pey) 4) moments. As can be seen in Fig. 2 and Table |, there are four
Hs™ N Kco kinds of Co sites expressed by ®(with N=0, 1, and 2,
(upy and (ucy are the average moments of Pr and Co,where CoN) means a Co atom which h&éB layers just
respectively. Reliable values of the saturation moment of Cabove or just below. Thus the average Co moment of
may be obtained for Gés statg or Y (nonmagneticcom-  Pr;Co,4Bg is expressed by

Figure 4 shows the magnetization curwebaK of a free
powder PgCo;gBg Sample measured in the SQUID. A satu-
ration moment of 234z /f.u. was derived by fitting the ex-
perimental data o (H) versusH using the law of approach

TABLE Il. Selected atomic distancéd\) in Pr;Co;4Bs.

Pr(1) —2P1(2) 3.39 Cd2) —3P12) 2.96
—12Cd1) 2.93 —3Ca1) 2.49
—6B(1) 2.96 —3Ca3) 2.48

PI(2) —Pr(1) 3.39 Cd3) —2P12) 3.25
—Pr(3) 3.31 —2P1(3) 2.88
—6Ca(1) 3.24 —2Ca2) 2.48
—6C0(2) 2.96 —4Ca3) 2.56
—6Ca(3) 3.25 —2B(2) 1.77

PI(3) —Pr(2) 3.31 Cd4) —4P1(3) 3.01
—Pr(3) 3.16 —4Ca4) 2.56
—6Ca(3) 2.88 —4B(2) 2.42
—6Ca4) 3.01 B1) —3Pr(1) 2.96
—6B(2) 2.98 —6Ca(1) 2.04

Co(l) —2P1(1) 2.93 B2) —3P1(3) 2.98
—2P1(2) 3.24 —-3Ca3) 1.77
—4Cao1) 2.56 —3Ca4) 2.42
—2C0(2) 2.49

—2B(1) 2.04
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FIG. 4. Field dependence of the magnetization of the free-
powder PeCo,;gBg at 5 K, measured in a SQUID.

M (emu/g)

FIG. 2. Crystal structure of BE€o,¢Bg. The large open circles

represent Pr, the small open circles Co, and the filled ones B. ]
(110 peaks. This result clearly demonstrates that the easy

_ magnetization directiofEMD) of Pr;Co,4Bg lies in the basal
- + + + - -
(e =[4(1co0) T 6(rcow) T 6{ucaw) + 3 ucaz) /19, plane. No anomaly is found in the temperature dependence
() of magnetization(Fig. 3 and ac susceptibility(Fig. 6)
where uco represents the magnetic moment of a i€p(  curves. These results suggest that the EMD oCBBg
atom. The C(2) atom at the 3 position has B layers just compound does not change inc K to room temperature.
above and below and the B valence electrons may be ex- Inorder to measure the magnetocrystalline anisotropy the
pected to fill the C(2)-3d bands. Therefore we assume thatSample was prepared by means of the rotation-alignment
(co2) is zero, as is found ifRCo;B, compound$® The technigue. Rotation-magnetic alignment ensures the HMD of
nearest-neighbor environment of Opat the 4, position is ~ Materials which have planar anisotropy to be perpendicular
unchanged with respect to the corresponding site in BrCo t0 the applied field direction, i.e., parallel to the cylinder axis
so thatucyo May be assumed to keep the value ofuldg 3% of the sample. The rotation-aligned samples were measured
By inserting the above values fgicyq), /oy and the ob- in the SQUID a5 K and ir_l a p_ulsed magnetic field at 298 K.
served value for(ucy) into Eq. (5), a value of 0.5 is 'I_'he results are_shown in Figs. 7 and 8, respe_ctlvely. By
obtained for wcon). SO, Moo, Mowy, and pcyy are linear extrapolation oAM(=M;—M ) to zero, anisotropy
1.3ug, 0.5ug, and Qug, respectively, showing that the in- fieldsH , of 250 kOe at 5 K and 45 kOe at room temperature
troduction of B results in a strong decrease of the Co mo@'€ derived. A saturation moment of 1a&/f.u. was de-
ment. Band-structure calculatidihave shown that thp-d  fived at 298 K by applying the law of approach to saturation

hybridization lowers the density of states at Fermi energy© the experimentali(H) data. _ _
and reduces thedband splitting when B atoms preferen- It is well known that the resulting anisotropy iR-Co

tially substitute into the nearest-neighbor sites of the Pr atgfompounds is determined by the sum of tResublattice
oms. anisotropy and the Co-sublattice anisotropy. In the case of

Rm+ nC05m+ SnBZn compounds,

D. Magnetocrystalline anisotropy

Figures %a) and (b) shows the room temperature XRD Kior= (M N)K1g+ K co, ©®)

pattern of an unoriented powder sample and a magnetically
aligned sample of REo,Bg, respectively. It can be seen whereK g is the contribution of on&®** ion to the anisot-
that the pattern of the aligned sample contains(#@%) and  ropy constant an€, ¢, is the anisotropy constant of the Co

105
v 200115 @
Vy'vv
=z v"v a 1
5 Vvy v =
—g Vv'Vv'v' —-'-Q’ . . \ . .
£ MALS B 20 30 40 5 60 70 80
= 2z
2
2 200 (b)
110
0 100 200 300 400 200 30 40 50 60 70 80
T(K) 29 (deg)
FIG. 3. Thermomagnetic curve for §&0,4Bg in field of about FIG. 5. The XRD patterns of samples2i0,4B¢ before(a) and

0.05T. after (b) magnetic alignment.
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FIG. 6. Temperature dependence of the real compongntdf FIG. 8. The magnetic isotherm at room temperature for the ro-
the ac susceptibility of bulk B€o,{Bg sample. tation alignment RCo,gBg measured in a pulsed magnetic field,

with the external field applied either parallel or perpendicular to the
sublattice. In first approximatiork ;g can be described as ~ alignment direction of the sample.

@) unlike R,Fe ,B. The rare earth Pr has a negative: accord-
ingly, PzCo,4Bg has easy-plane anisotropy at low tempera-

wherea, is the second-order Stevens coefficient @ is ture. On the other hand, under the assumptions of the model

. . . . . . . 4

the second-order crystalline-electric-fil@EP coefficient,  Of individual site contributions to anisotrofySA),” the Co

For the P£CoyeBs compounds, the Pr sublattice plays a moreSites in PECo,¢B related to the 2 site in theRCo; structure

important role in determining the EMD at low temperature,make Iar.ge contrlbu'qons to the magnetpcrystallme anisot-

and the contribution of Pr sublattice to the anisotropy arise€OPY; While the Co sites related to the ite in theRCos

from the coupling between the Pr-ion orbital magnetic mo-Structure m_ake relatively small_ and reverse contributions.

ment and the crystalline-electric field. On the basis of al NUS substitution of nonmagnetic B atoms for Co atoms at

single-ion modef® the anisotropy of Pr can be described by the sites (2 and 4,) related to the 2 site of RCos struc-

the product ofe; and Ay. A negative a,A,, exhibits a ture make it possible that #80,4Bg has its EMD in the basal

uniaxial anisotropy. Generally, the second-order CEF coeffiPlane.

cientA, is fairly constant in a series of isostructuRtom-

pounds in which only thdR component is varied. It seems IV. CONCLUSIONS

reasonable therefore to use thg, values obtained from the ) )

Gy nCOsm 3nB2n cOmpounds for analyzing CEF effects ~ The compound BEo,gBg has been synthesized. It is a

in the corresponding Pr compountd®Gd Massbauer studies member of the homologouB,. ,Cosm-3nB2n series with

of the series GAG®, GdsCo,4,B,, and GJCo,B,, show that m=2 andn=3. Its lattice parameters, unit-cell volume, and

the second-order CEF coefficiefg, increases with increas- density have been determined. The®;oBs compound is

—100Kag? in the RCo,B compounds compared with tion magnetic moment and anisotropy field at 5 K and 298 K

—70(Ka502 in RCo, and— 670Ka, 2 in R,Fe 8. The nega- are also obtained. The average Co moment §CBKBg is

tive sign of Ay, means that theR ion having a positive €XPressed by {rca =4 teoo) + 6 teom) + B cow)

second-order Stevens coefficiea (Sm?*, EF*, Tm3", +3(tcap) 1119, whereu oy denotes the magnetic moment

and YB") shows uniaxial anisotropy, similar t8Cos and of a CoN) atom, ha_vingN layers Of_B Just above or just
below. The introduction of B results in a strong decrease of

80 the Co moment ucyo), Mcon, and pcqz are 1l.3ug,
0.5ug, and Qug, respectively. No spin reorientation was
detected in the temperature dependence of the magnetization
and the temperature dependence of the ac susceptibility. It is
quite likely that many intermetallic compounds of the
R+ nC05m+3nB2, family with differentm andn are still to

be discovered. The compounds of this family may provide
e H paraliel 0.0 interesting opportunities as materials for permanent-magnet

—v— H perpendicular to ¢ application.

Kir=—3asAx(r5)(33% ,— Jr(Ir+1))/2,

70+
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50
40 r
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