PHYSICAL REVIEW B VOLUME 57, NUMBER 22 1 JUNE 1998-II

Structure, exchange interactions, and magnetic phase transition
of Er,Fe;;_,Al, intermetallic compounds

Zhao-hua Chen@,Bao—gen Shen, Qi-wei Yan, and Hui-qun Guo
State Key Laboratory of Magnetism, Institute of Physics & Center of Condensed Matter Physics, Chinese Academy of Sciences,
Beijing 100080, People’s Republic of China

Dong-feng Chen, Cheng Gou, and Kai Sun
China Institute of Atomic Energy, P.O. Box 275-30, Beijing 102413, People’s Republic of China

F. R. de Boer and K. H. J. Buschow
Van der WaalsZeeman Institute, University of Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands
(Received 18 June 1997; revised manuscript received 2 February 1998

We present the effect of aluminum substitution on the structure, exchange interactions, and magnetic phase
transitions of the intermetallic compound,Ee;;. All samples have a hexagonal ;Ni,type structure or a
rhombohedral TjZn,type structure. The replacement of Fe by Al results in an approximately linear increase
in the unit-cell volumes at a rate of 9.3%er Al atom. The Al atoms preferentially occupykiZ18h) and
12j (18f ) sites at low Al concentration, while they prefer strongly to occupy @f ) and 18 (12]) sites
at high aluminum concentration. The Curie temperature is found to increase at first, form a maximum value at
x=3, and then to decrease monotonically with increasing Al concentration. The exchange-coupling constant
between 8 and 4 sublattices Jzt, was obtained from fittingM-T curves for some of the samples. The
intersublattice molecular-field coefficienkt and hence th&®-T exchange-coupling constadg have been
also determined on the basis of magnetization curves at the compensation temperature. The exchange-coupling
constantlzt shows almost no obvious composition dependence, while the exchange-coupling copstant
strongly dependent on the Al concentration. The composition dependence ofdtlsebBattice exchange
interaction is discussed in terms of bond lengths and atomic preferential occupancies. It is noteworthy that the
substitution of Al has a significant effect on the magnetocrystalline anisotropies of both the Er sublattice and
the Fe sublattice in BEFe;;_,Al, compounds. The temperature and composition dependence of the easy
magnetization direction suggests that the second-order crystal electric-field coeffigiectianges its sign
from negative to positive with increasing Al concentration upxte7.[S0163-18208)02721-7

I. INTRODUCTION of the arc-melted carbides indicates that carbon is more
strongly bonded than nitrogen in the samples formed by gas-
In the search for iron-rich new permanent magnet materisolid reaction. These arc-melted carbides can be used as raw
als, the discovery oR,FeAC, N, H), (R=rare-earth ele- materials of high-performance sintered permanent magnets
mentg obtained by the gas-solid reaction method has atdue to their high Curie temperature, strongly uniaxial anisot-
tracted considerable research activity.SmFe(C, N), is  ropy, as well as high-temperature stability.
a very promising candidate as a permanent-magnet material. Magnetocrystalline anisotropy and Curie temperature are
In order to overcome the drawback of its poor thermal stathe fundamental intrinsic magnetic parameters of permanent
bility, which restricts its practical application as a sinteredmagnets and attract ever-growing attention from both experi-
magnet, Shen and co-worké&rdound that the substitution of mentalists and theoreticians. Large values of the uniaxial
Ga, Al, or Si for Fe in SnFe,C, can stabilize the high- magnetocrystalline anisotropy are required to achieve high
carbon rare-earth compounds with 2:17-type structure. Theoercivities, and high Curie temperature can guarantee the
arc-melted carbides are found to retain the 2:17 structurenagnets to have low-temperature coefficients of the hard
even at temperature above 1200 °C. Shen and co-workersagnetic properties so that they can be applied over a wide
have prepared single-phaggFe;;_,GaC, compounds by temperature range. The facts that RYFe;; binary com-
arc melting and found that the Curie temperature increasggounds have low Curie temperatures and exhibit easy-plane
initially and then decreases with Ga substitution while ~ anisotropy restrict their possible application as permanent
decreases monotonically. These compounds have anisotropyagnets. Recently, it was found that the substitution of Ga,
fields exceeding 12 $° Cheng and co-workers found a simi- Al, or Si could not only facilitate the formation dR,Fe;;
lar behavior in SrFe,_,Al,C, where thex=2 compound carbides with high carbon concentration, but also increase
has an anisotropy field of 11 . The increase in Curie Significantly the Curie temperature. Furthermore, the easy
temperature with Al, Ga, and C has been attributed to thénagnetization directiotEMD) of R Fej;_ My (M=Ga or
expansion of Fe-Fe bonds that compensates more for thfal) alloys can be modified by the introduction dfl
dilution of the Fe sublattice. The high-temperature stabilityatoms®~! Low concentrations of Ga or Al substitution in

0163-1829/98/522)/1429911)/$15.00 57 14 299 © 1998 The American Physical Society



14 300 ZHAO-HUA CHENG et al. 57

SmyFey; results in a change in EMD from basal planecto ND experiments were employed to investigate the crystal
axis without the presence of interstitial N or C atoms, whilestructure, the occupancies of substituted atoms, as well as the

further substitution leads to a change franaxis to plane Magnetic structure.

again. A reversal change in EMD has been found in The powder ND patterns of Ge,:Al, and EpFeAls
R,Fe;_Ga with R=Tb, Dy, Ho, Er, Tm. The Fe sublattice Wer¢ collected on a triple-axis spectrometer at China Institute
can also exhibit uniaxial anisotropy at room temperaturé®l Atomic Energy at room temperature, while the pattern of

when the Ga concentration is very higk={7). The change Y FeyAlg was collected at 10 K to investigate the Fe sublat-

in EMD implies that the crystal electric fiel@CEP coeffi- tice anisotropy. The diffraction data were analyzed by

S . 12
cients at theR site are significantly influenced by the substi- Izu_rlj;]l S R|etvel<_j structure refinement pl’OgrEE(;TIIE)TEN. .
tuted atoms and this is worth more detailed investigation. € magnetization curves were measured by using an ex-

Knowing the intrinsic magnetic properties of the tracting sample magnetomet.er with a magnetic field ranging
R,Fe, M, (M=Ga or Al series is the first step in under- from 0 to 6.5 T. The saturation magnetization was obtained
—X X

standing the basic magnetic properties of the interstitial com:irom ;itting thehexperiment_al datﬁ 9 (B) vs B using .the
pounds derived from them. From the application point of aw of approach to saturation. The values of the Curie tem-
view, these series are not very promising. However, from Jerature were derived from the temperature dependence of

fundamental point of view, they provide a very good oppor-magnetizatiotM(T) curves measured in a field of 0.05 T or
tunity to investigate the exchange interactions and anisotro2¢ sugcept|b|I|ty r_neasured by an ac susceptibility magneto-
pies of the @l and 4 sublattices because Al or Ga atoms canmeterina weak field of less than 0.0001 T at a frequency of
substitute for Fe up to a very high concentration without220 Hz.

changing the crystal structure, except for the unit-cell vol-

ume expansion. In this paper, the site occupancies of substi-

tuted atoms, exchange interactions betwedrad 4f sub- IIl. RESULTS AND DISCUSSIONS

lattices, and the magnetocrystalline anisotropies @fabd A. Structural properties

4f sublattices in EfFe;_,Al, compounds have been inves-

tigated by means of magnetization and ac susceptibility mea- XRD patterns indicate that all samples are almost single
surements, x-ray diffractiofXRD), and neutron diffraction Phase with a hexagonal JMi,7type structure or a rhombo-

(ND). The reason for selectin@=Er is twofold. First, in the hedral Tthlrtype structure. The samples_with low Al con-
case of the EFe;, compound, the Fe sublattice exhibits pla- c€ntration crystallize in the hexagonal ;N 7type struc-

nar anisotropy, while the Er-sublattice anisotropy is expecte&ure' while those with high Al concentration crystalhze in the
to be uniaxial on the basis of the CEF effectRaFe,; com- rhombohedral TZn;-type structure. The lattice constants

pounds. Therefore, spin reorientations may occur i € and the unit-cell volume are summarized in Table I. In
Er,Fe, Al,, either due to the temperature-induced Compe_order to compare the volumes of the hexagonal cell with the
tition between the Er and Fe sublattice anisotropies or due tg}0mbohedral one, we have multiplied the former by a factor
the temperature-induced changes in the Er sublattice onlypf 2- It can be found that the substitution of larger Al atoms
Second, the antiferromagnetic coupling between Er and FI' Fe atoms leads to an approxnénately linear increase in the
atoms allows us to investigate the intersublattice molecular!Nit-cell volumes at a rate of 9.3%per Al atom.

field coefficienngy by means of the magnetization curves of 1€ atomic occupancies were investigated by means of
Er,Fer;_4Al, compounds at the compensation temperatureND_ pattern on the powder samples of E&:Al, and
The temperature and composition dependence of magnetb/2F€Als at room temperature and;¥eAlg at 10 K. For
crystalline anisotropy are explained in terms of a sign reveréxample, the ND patterns of fEe,sAl, and EpFeAls are

sal of the second-order CEF coefficighy, from negative to  Shown in Fig. 1. The crystallographic parameters of the
positive when the Al concentration increases upe?. ThyNiy 7~ or ThyZny 7type R-Fe compounds were used to start
the refinement. The rhombohedral compound has only one

crystallographically nonequivaleriR site (6c), while the
hexagonal compound has two crystallographically non-
equivalentR sites (2b and ). These sites are, however,
The samples of BFe;_,Al, (0=x=<9) were prepared characterized by a quite similar local atomic arrangement of
by arc melting in an argon atmosphere of high purity. TheFe atoms and a slightly different arrangement ofRatoms.
elements used were at least 99.9% pure. An excess of 5% Hihe hexagonal # 69, 12j, and 1X sites correspond to the
was added to compensate for the evaporation loss durinhombohedral 6, 9d, 18f, and 1& sites, respectively. Ini-
melting. In order to ensure good homogeneity, the ingotdially, it was assumed that the Al and Fe atoms occupy the
were remelted at least four times, then annealed under dour nonequivalent sites statistically. According to the
argon atmosphere at 1400 K for 5 days, followed by quenchehemical concentration and with the linear constraint condi-
ing into water. The ingots were ground to yield powders. Thetion, the sum of the fractional occupancies of Fe and Al
magnetic powders were oriented in an applied field of 1 Tatoms on each of these four sites was fixed to be equal to 1.0.
and fixed by means of epoxy resin to investigate the magnéeFhe initial magnetic moments were taken equal tou.0
tocrystalline anisotropy. —1.0ug, and 0.Qug for Fe, Er, and Y atoms, respectively,
The structural properties were investigated by means oénd all magnetic moments being in a parallel arrangement in
XRD and ND. XRD experiments were performed on powdera plane perpendicular to the sixfold axes. Refined values of
samples using ClKKa radiation to determine the crystal the lattice and positional parameters, atomic occupancies,
structure, lattice constants, and unit-cell volume. The powdeand magnetic moments of fe,sAl, and EpFe;,Al 5 at room

Il. EXPERIMENTAL DETAILS
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TABLE |. The structural and magnetic properties obEs;,_,Al, compounds.

a c % Ms My MFe Te Tcomp Jrr/Ksg
A) R) (A% (wg/fu)  (ug/fu)  (me) (K)  (K) (K)
x=0 8.455 8.270 510.78 16.9 34.9 2.05 297 23.7
(12.408 (766.179
x=1 8.477 8.303 516.71 13.6 31.6 1.98 363 35.4
(12.459 (775.06
X=2 8.511 8.319 521.87 10.6 28.6 1.91 396 45.6
(12.479 (782.80
x=3 8.535 8.339 526.08 7.4 254 1.81 407 56.2
(12.508 (789.12
X=4 8.590 12.532 800.82 5.2 23.2 1.78 391 61.5
x=5 8.618 12.576 808.88 3.3 21.3 1.77 338 59.5
X=6 8.667 12.603 819.86 0.7 18.7 1.70 249 51.5
x=7 8.710 12.622 829.27 —-24 15.6 1.56 182 66.5 42.7
x=8 8.755 12.655 840.05 —-3.7 14.3 1.59 146 84.0 375
x=9 8.782 12.731 850.32 —-5.7 12.3 1.54 142 94.0 46.7

temperature and of Y¥eAlg at 10 K are summarized in detail in the following section. The Rietveld structure analy-
Table 1l. The room-temperature magnetic moments ofses show an obvious concentration dependence fractional oc-
Er,Fe;_,Al, compounds stay in the basal plaf®0] and cupancy of Al on each of the four crystallographic sites,
the magnetic moments of all Fe atoms display ferromagnetiéc(4f ), 9d(6g), 18f(12}), and 1& (1), in R,Fe;;_,Al,
coupling, but the magnetic moments of Er and Fe are anti¢Fig. 2). For comparison, the results that would be expected
ferromagnetically coupled. It is noteworthy that the Fe mag<or a random substitution of Al on the Fe sites are also pre-
netic moments of ¥Fe,Alg are along001] at low tempera-  sented in Fig. 2. It can be seen from Fig. 2 that the Al atoms
ture. The magnetic moments orientation will be discussed iprefer 18(12j) and 1&(12k) sites at low Al concentration,

whereas they prefer strongly to occupyc(éf ) and

intensity(Arb.Unit)

RRREAR AR 18f(12j) sites at high Al concentration. Thec@4f ) site
(a) initially does not take up aluminum, but at high Al content
up to 80% of this site is occupied by Al atoms fosF&Al .
The 2d(6g) site excludes Al at all concentrations. The Al
fractional occupancies at the fi(82j) site increase monoti-
cally, but those at the 112k) site become saturated at
i about 40%. This result is very similar to that of
'&#‘,\,j%x Nd,Fe;;_Al, .22 The atomic preferential occupancies are de-

it i i i termined to a large extent by the Wigner-Seitz cell

13,14 . ..
” Ny , yolume. ~*Because Al atoms have Iar_ger m_etalllc radii than
iron, they prefer to occupy thec§4f ) site which has, espe-

Doen o I J. 1 .

10 20 30 40 50 60 70 80 90 100 cially in higher aluminum concentration, the largest Wigner-

28(deq)

Seitz cell volume, and avoid occupying thd(®g) site that
has the smallest Wigner-Seitz cell volume. If a site is unoc-
cupied by Al, its near neighbors prefer to accept Al atoms.

Intensity(Arb.Unit)

Thus, because thed96g) site has four 18(12j) and four
18h(12k) sites as near neighbors, these latter sites are in
favor of accepting Al atoms.

(b)

B. Saturation magnetization and magnetic moments

Figure 3 shows the magnetization curves offtey;_,Al,
compounds measured at 1.5 K. It is found that the saturation

magnetization decreases linearly with increasing Al concen-
tration, and this decrease is much faster than in the case of a

simple magnetic dilution as shown by the dotted line in Fig.

“50 80 70 80 90 4. This implies that the decrease in saturation magnetization

26(deq) is not only due to the simple magnetic dilution, but also due

to the decrease of Fe magnetic moments. The antiparallel

FIG. 1. Powder neutron-diffraction patterns of,E®, ,Al,  coupling between th& spin moment and the Fe moment
compounds with@ x=2 and(b) x=5 at room temperature. leads to ferrimagnetism for the heavy rare-earth compounds.



14 302 ZHAO-HUA CHENG et al. 57

TABLE Il. Crystallographic and magnetic parameters ofFg{zAl, and EpFe;,Al5 at room temperature and,Fe,Alg at 10 K.

Atom site Occupancy X y z M(ug)
Er,FeAl, Pes/mmc a=b=8.521(1) A c=8.335(8) A v=524.1R
Er(2b) 1.00 0.000 0.000 0.250 —3.12(28}
Er(2d) 1.00 0.33%3) 0.6647) 0.750 —3.09(28}
Fe(4f ) 1.00 0.33%3) 0.6647) 0.1041) 2.20:30°
Fe(6g) 1.00 0.500 0.000 0.000 0.63)°
Fe(19) 0.79 0.3301) —0.041(1) 0.250 0.829?
Fe(1X) 0.87 0.16%1) 0.3301) 0.9831) 1.5628)°
Al(12)) 0.21 0.3301) —0.041(1) 0.250 0.00
Al(12k) 0.13 0.16%1) 0.3301) 0.9831) 0.00
Er,Fe Al R3m a=b=8.645(2) A c=12.648(3) A v=818.60 B
Er(6c) 1.00 0.000 0.000 0.34D) —2.15(16}
Fe(6c) 0.63 0.000 0.000 0.093) 0.302)*
Fe(d) 1.00 0.500 0.000 0.500 0.612
Fe(18 ) 0.65 0.29%1) 0.000 0.000 0.3@)?
Fe(18) 0.64 0.5021) 0.4981) 0.15711) 0.702)2
Al(6¢c) 0.37 0.000 0.000 0.098) 0.00
Al(18f ) 0.35 0.29%1) 0.000 0.000 0.00
Al(18h) 0.36 0.5021) 0.4981) 0.1571) 0.00

Y, FeAlg R3m a=hb=8.7446(6) A c=12.6728(1) A v=839.23 B
Y(6¢) 1.00 0.000 0.000 0.34%) 0.00
Fe(6c) 0.201) 0.000 0.000 0.105) 1.602)°
Fe(od) 1.00 0.500 0.000 0.500 2.@P°
Fe(18 ) 0.291) 0.2905) 0.000 0.000 1.8@)°
Fe(18) 0.60(1) 0.5015) 0.4985) 0.1585) 2.002)°
Al(6¢) 0.801) 0.000 0.000 0.10B) 0.00
Al(18f ) 0.71(1) 0.2905) 0.000 0.000 0.00
Al(18h) 0.40 0.5015) 0.4985) 0.1585) 0.00

#The magnetic moments are oriented algh§0] at room temperature.
®The magnetic moments are oriented al$fg1] at 10 K.

Accordingly, the saturation moments of ,Eg;_,Al, com-  WhereMy is the magnetic moment of the=(Fe, Al) sub-

pounds can be expressed by the equation lattice andM, is the moment of the Er sublattice.
If we assume the Er magnetic moment is equal to the
Ms=M1—Mg=(17—X) tpe— 2 by, (1)  free-ion magnetic momentg,=9.0ug, the average Fe mag-
"O_L L B ; 100y : —
> 0.9 EryFe Al i
S osl e o 6c(4f) ] EroFesr Al
g_ 0.7.- - 80 - .—-l——.——l-—l—l——l—l“.’_. x=0 4
3 : 18f(12j) I o
o 0.6 T n .__.__._.__.._.—0—0 x=1
o i - —e—t 1
_ 03¢ - random, ) %0 -/ oot * A A—A—A—A—4 x=2
X ° A—4A
£ 04 18h(12Kk) ] N b =3
2 03| . E a0l p a* i 5:3__3__3__3_5 x=9 |
© i < A B e ! =8
o 0.2F - s S = —s 6:@,@:0——"0"0 X =
L [ ¢ et oV XESp=n=B x=7
0.1 F y 9 20_{; G 4%,2:2;’&’@" _o—0 =6
[ o 9d(6q) o KA 000 x=
0.0} = ¢ v v - [620 0 000
L L 1 L 1 L ) L 1 : L ]g’%g§go.o’0’o/
0 2 4 6 8 10 N: 0o ‘ . .
X 0.0 2.0 4.0 6.0 8.0

FIG. 2. Concentration dependence of the fractional occupancy
on each of the four crystallographic sitéc(4f ), 9d(6g),
18f(12j), and 1&1(12k)] in R,Fe 7, Al, (R=Eror Y). The dashed FIG. 3. Magnetization curves of Ffe; ,Al, compounds at
line represents the random substitution model. 15 K.
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X FIG. 6. Concentration dependence of Curie temperalige
FIG. 4. Saturation magnetization of £ey;_,Al, compounds at gg?spt’gzzat'on temperatuigomp, and theT-T exchange-coupling
TT-

1.5 K as a function of aluminum concentration. The dotted line

represents the magnetization for simple magnetic dilution model. were cooled from room temperature to 1.5 K in a high mag-

) . netic field of 4 T, and then measured in a low magnetic field
netic momentsur, of ErFej7_,Aly can be obtained. They of 0.05 T. For these three samples, Theublattice magnetic
are found to decrease with increasing Al concentrationnoments are lower than those of the Er sublattice at 1.5 K.
(Table ). _ . _ However, since the Er-sublattice moments decrease more

With increasing Al concentration, th@-sublattice mo-  rapjdly than theT-sublattice moments with increasing tem-
ment will decrease. For the sample wih=6, it is about  perature, they will become equal at a certain temperature. It
equal to the Er Sublattice moment at 1.5 K. Theublattice can be seen that the Compensation tempera’ﬁ&[‘)ﬁm is
moments will be lower than the Er sublattice and therefore &yjgher for higher Al concentration.

negative value of the magnetic moment obfs;;_ Al is The concentration dependence of the Curie temperature
shown in Fig. 4 forx>6. T, and the compensation temperatdign, of Er,Fe;;_ (Al
are illustrated in Fig. 6. A small substitution of Al results in
C_ Curie temperature, Compensation temperature, an enhancement Of the Curie temperature from 297 K fOI’
and exchange interactions x=0 to 407 K forx=3. Further substitution leads to a de-

crease in Curie temperature. The initial increase in Curie

Figur_e 5 illustrates the temperature depgndence of th?emperature is a common featureRgFe, M, (M =Ga or
magnetization of BEFe; ,Al, compounds with &x<9 Al) intermetallic compound; 111516

measured by an extracting sample magnetometer in a mag- The Curie temperatures &-T intermetallics are deter-

netic field of 0.05T. In_order to avoid the effect of a strong ¢ g by the three different exchange-coupling constants:
magnetocrystalline anisotropy on the temperature deper:n]—

L , Jr1, @ndJgg. J rimarily governs the temperature
dence of the magnetization at low temperature, the Samplec?za})enggnce oth'F\ed;:ngment )e/mgd the Curie tempperature

T.. The ™-4f interactionJgt has only a minor influence on
the Curie temperature, especially for compounds rich in iron,
such asR,Fe; R,Fe, B, and R(FeM),,. However, it
dominates the molecular field experienced by the rare-earth
moment that, in turn, determines the temperature dependence
of the magnetic moment and the magnetocrystalline anisot-
ropy of the rare-earth ions. THe-R interaction is generally
neglected because it is smaller than Thd andR-T inter-
action. In addition, there are feR-R bonds in the Fe-rich
compounds. Thus, the standard molecular-field expression of
the Curie temperature for two-sublattiBeT compounds can

be written a¥’

M(Am’ /kg)

3kTC: aTT+ [a—%—-r'f' 4aR-|-a-|-R] 1/2, (2)
Whel‘ea-r-rz ZTT‘]TTST(ST+ 1) a.nd
T(K) artaTR=Zr1Z1RSr(Sr+1)(gr—1)2Ir(Jr+ 1) Jam,

FIG. 5. Temperature dependence of the magnetizatiowhereSy, Jg are the spin moment and total momentTof
of ErFe,_,Al, compounds with Zx<9 in a magnetic field of andR ions, respectivelygy is the Landeg factor of theR
0.05T. ions. Z;; (i=R, j=T, ori=T, j=R) is the number of]
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6 e e et TABLE lIl. The intersublattice molecular-field coefficient,r,
L ErZFé17—xA|x ' ' the critical magnetic field; ; andBg », the molecular field at Er
E ioNs b gr-

Ner Bmoer Beiit:  Beitz  Jerm/Ke ‘]ErT/l!)(B
J (Tfulug) (T m (K)?2 (K)

xX=7 2.34 36.5 56 78.6 8.44 12.9
X=38 2.34 335 8.7 756 8.44 11.6
x=9 2.37 29.2 135 718 8.55 10.6

dExchange-coupling constant obtained from the magnetization
curves at the compensation temperature.
bExchange-coupling constant obtained from fitting MeT curves.

y W 3
AV M| | IR |

100 150 200 250 300
T(K

O i 1

external magnetic field is neglected since it is much lower
than the molecular field. The values Mf(1.5 K) (Table )
are used to replace those Mf;(0) approximately. Onl\dr

FIG. 7. Calculated spontaneous magnetization vs temperaturdnd Jrt are kept adjustable. Because our experimental data
curves of EsFe;_,Al, compounds with Zx<9 on the basis of Were obtained on polycrystalline powder samples in a low
the molecular-field model. In these calculations we used the followfield, there is a considerable effect of the magnetocrystalline
ing parameters: forx=7, Jgr=12.9K, J;=42.7K, J;  anisotropy on the magnetization. We therefore concentrated
=0.45ug; for x=8, Jgr=11.6 K, J;:7=37.5K, J;=0.421ug; only on the experimental values @ and T, and the
for x=9, Jgr=10.6 K, J17=46.7 K, J;=0.362u; . corresponding shapes of thé(T) curves and do not expect

the amplitudes of the calculated (T) curves in Fig. 7 to

neighbors to am atom.Z;+ is the number off neighbors to match those of the experimental curves in Fig. 5. The corre-
a givenT atom. The value oF 7 is related toZ;g via the  sponding values adg,; are listed in Table IIl.
relationNgZgt=N+;Z1r.® N7 andNg are the numbers 6f For ferrimagnetidR-T powder particles that were free to
(Fe and A) andR atoms per formula unit, respectively. orient themselves in the applied field, the field dependence of

The exchange-coupling constadt; can be easily de- the magnetization can be described in fields belot{- 852
duced from the Curie temperatures for compounds with
Mg=0 (arratr=0), such aR=Y, La, and Lu.Jgt can be By crit=Nr1lMr—M+], 4
?btamed either by high-field magnetization measurements o ~ is perfectly antiparallel td1 with M =|M z— M-/, and
ree powder particles of polycrystalline samples or by com-._ .

. . . ; in fields above as
parison of the difference in Curie temperatures between the
compounds wittMg#0 (T,=T;r) andMg=0 (T,=T)

0 50

Bs it=Nr1/ Mg+ M| 5
such asR=Y, La, Lu, using the high-temperature approxi- 2= NR1IMp M1l ®
mation of the molecular-field model: Mg is exactly parallel toM; with M=|Mg+M+|. In the

intermediate field rangB, .<B<B, (. the resultant mag-
Jar=9K5Te r(Te R~ Tco)/AZrrZrrST(Sr+1) netic moment is
X(gr—1)?Jr(Jr+1). € M=B/ngr. (6)

In the first model, very high magnetic fields are required. At the compensation temperature Mg(Tcomp
Because the magnetic field available to many laboratories issM(T¢mp the linear range withM=B/ngy starts at
limited, it is difficult to determineJgt precisely in many B=0 T. Experimentally, the field dependence of the magne-
cases. The second method is generally used under the &dgzation close to the compensation temperature was found to
sumption thatl;t is constant regardless of whighelement be linear at all but the lowest field strengttigg. 8). From
is considered iR,Fe;;_,Al,. Problems in applying Eq3)  the slope of the linear parts, we have determined the values
may arise when th&@-T interaction varies across the se-  of the intersublattice molecular-field coefficient,; at the
ries, sinceJ;t may depend strongly on the interatomic dis- compensation temperature. The TErexchange-coupling
tance between the nearest-neighbor magnetic atoms. The lanstant]g,r can be directly obtained from the relation be-
tice constants oR,Fe;;, and consequently, the interatomic tweenJgt and ngy. The results are tabulated in Table llI
distance of Fe-Fe pairs, are not the same for diffelent where it can be seen that the valueslgf; obtained by the
elements considered heier and Y). Therefore, the assump- two methods described above are of comparable magnitude.
tion of the same value o+ among in these series is not  The values oflg,; show no obvious dependence on the Al
realistic. In this work, we will determindg,; andJ; on the  concentration in EFe;_,Al, compounds. This result is in
basis of the molecular-field model by fitting the temperaturegood agreement with previous wotklf we use the average
dependence of the magnetization. valueJg1/kg=10.1 K, theT-T exchange-coupling constant

Figure 7 presents sever®l-T curves calculated for the J;; can be obtained from Ed2). The values ofd;; are
EnFe,_Al, compounds with &#x<9 by using the listed in Table | and as a function of Al concentration are
molecular-field expressions. In fitting tHd-T curves, the plotted in Fig. 6. It can be seen that the effectRT ex-



57 STRUCTURE, EXCHANGE INTERACTIONS, AN . .. 14 305

20 P—T—77

51 o727 © x=7 T=66.5 K
:-° e x=8 T=84.0 K
v x=9 T=94.0 K

-

o 1 2 3 4
B (T)

7

In the case of EFe,;, the Fe sublattice exhibits an easy-
plane anisotropy, i.eK; <0, while the Er-sublattice an-
isotropy is dependent on the productef andA,q. For the
Er’" ion, a;>0. Hence, a negativé,, will make the Er-
sublattice moments favar-axis orientation at low tempera-
ture, Ky >0. Although there are two crystallographically
distinct sites in EfFe;, it was proved that the CEF anisot-
ropy can be described using a single set of crystal-field pa-
rameters averaged over the two sfe’ Values of
+17.%Ka, 2 and —8.%Ka, * for the second- and the fourth-
order CEF coefficient#\,, and A, respectively, have been
deduced by Andreegt al. from magnetization studies up to
6 T.2° According to these results, ffie;; compound would
not follow the systematic of the Stevens factey for the
easy magnetization direction. In order to determine the CEF
coefficients precisely, Garcia-Landat al. investigated

R,Fe; single crystal{R=Y, Dy, Ho, and Ej by means of
high-field magnetization in a magnetic field up to 51 T, and
obtained the values of 24.58a, ? and —11.8&a, * for
, , : A, andA,, respectively?® The value of the CEF coefficient
change interaction on Curie temperature o Al 20 SIS0 . .

g P BREL7- Al A, is in agreement with the results of the bbauer effect

compounds cannot be neglected. . :
P g in EnFes for which the average valueA,y~—50

Due to the short &-6¢ bond length, the € site is gener- " 15 8 .
ally believed to be responsible for the low Curie temperature~ 100Kap © was found.” If we only take into account the

of the R,Fe,; compounds. However, the ND results clearly S€cond-order CEF term, a valuekofg= +7.0 K/f.u. can be

indicate that the initial Curie temperature enhancement iflerived on the basis of E(B), which is comparable with the
R,Fe,, Al compounds is not a result of the removal of value of K, g=8.5 K/f.u. obtained by Franset al.=~ Since

iron 6¢ “dumbbell” atoms by substitution of Al onto these its absolute value is much smaller and decreases more rap-
sites, but that it has to be attributed to the overall increase itflY _W'th increasing  temperature  than  that  of
Fe-Fe bond lengths, which overcompensates the dilution df1re= —50-4 K/f.u. (at 4.2 K), no spin reorientation is ex-

Fe atoms, although magnetic dilution becomes more imporP€cted to occur when the temperature varies between cryo-
tant in determining the Curie temperature upon further sub9enic temperatures and the Curie temperature.

stitution of the nonmagnetic Al atoms. It is noteworthy that 1 he value of the ac susceptibility’ of an intermetallic
the value ofJ; increases again at the highest Al concentra-cOmPound depends strongly on its magnetic anisotropy and

tions. This phenomenon was also observed in otheflomain-wall energy. It is proportional td43/JAK, for
R,Fe,, Ga, (R=Dy, Ho, Er, or Tm compoundg2-24 domain-wall displacement oMZ/K, for domain rotation.
Simultaneously, the ND results demonstrate that the Al atBoth saturation magnetizatioM s and anisotropy constant
oms strongly prefer to occupy thecsite. The increase in  Kj strongly vary with temperature; thus the shape of yhe
T-T exchange interaction is perhaps related to the preferer¥s T curve is strongly affected by the temperature depen-
tial substitution of Al for Fe onto this site. An investigation dence ofMs andK,. At the spin-reorientation temperature,
of the mechanism of this enhancementirt, and hence, in the change oM is relatively smooth, whilek; changes
Curie temperature is in progress. drastically, which is reflected as a kink in tRé vs T curves.
The spin-reorientation temperaturég can be taken as the
temperatures at which the first deviative of the ac suscepti-
bility dy'/dT reaches an extreme val@aximum or mini-
mum). Measurements of temperature dependence of the ac
In general, the overall magnetocrystalline anisotropy ofsusceptibility can be therefore used to detect temperature-
R-T intermetallics is the sum of f4sublattice and induced magnetic-phase transitions. Figure 9 shows the tem-
3d-sublattice anisotropies. In the caseRyfFe;; compounds  perature dependence of thé of Er,Fe;_,Al, compounds
with x=1, 2, 3, and 4. An anomaly is visible for each of
samples. The anomalies ji become more clear dy'/dT
is plotted as a function of temperature, as shown in Fig. 10.
whereK  is the contribution of on&R®* ion to the anisot-  Anomalies are also observed in the-T curves measured a
ropy constant andk, g is the anisotropy constant of the Fe low magnetic field of 0.05 T(Fig. 11). Considering the
sublattice. In the first approximatiof; g can be described temperature-induced competition between the planar Fe-
as sublattice anisotropy and the uniaxial Er-sublattice anisot-
ropy, one can attribute these anomalies to spin reorientations.
The spin-reorientation temperatures are found to increase
first, have a maximum value at=3, and then decrease.
Similar results have also been observed igFef;,_,GaC,
and EsFe,_,Si,.3%* For the samples witlk=5, 6, and 7,

FIG. 8. Field dependence of the magnetization ofEf;,_,Al,
compounds with £x=<9 close to the compensation temperatures.

D. Magnetocrystalline anisotropy and magnetic phase
transition

K1 o= 2K1r 1+ K1 e (7)

Kl,R:_%aJA20<r§,f><3J2R,Z_JR(JR+ 1)), (8

where «; is the second-order Stevens factor akg is the
second-order CEF coefficient.
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FIG. 9. Temperature dependence of the real compongntdf

the ac susceptibility of BFe;;_,Al, compounds withx=1, 2, 3,
and 4.

FIG. 11. Temperature dependence of the magnetization of
Er,Fe;_,Al, compounds wittk=1, 2, 3, and 4.

no spin reorientation was detected from the temperature ddlot the same _and that the cpntributions of these four sites to
pendence of the ac susceptibility. The sharp peaks at tH@€ overall anisotropy are different.
temperatures of 246 and 182 K for the samples with6 Since the composition dependence of the Al and Ga
and 7, respectively, correspond to their Curie temperatured!0mic occupancies ”’Rz':91713x3';/|3>§1 (M=Ga or Al com-
(Fig. 12. These results suggest that the substitution of AlPOuUnds is almost the sgnﬁ%, “>*"one can expect on the
atoms has an effect not only on the Fe-sublattice anisotropy@sis of the results obtained B5Fe,;,Ga, that the further
but also on the Er-sublattice anisotropy. introduction of AI_ atoms results in an easyaxis anisotropy

In order to determine the contributions of these two sub°f the Fe sublattice. BecausgFe,,Al; cannot be magneti-
lattices to the overall anisotropy separately, one can choog@lly aligned at room temperature due to its low Curie tem-
the R elements without contribution to tHe-sublattice an- Perature, we aligned GHe,Al; powders instead of
isotropy inR,Fe,_,Al,. Thus, at first we studied the Fe- Y2F€0Al7 to investigate the Fe-sublattice anisotropy. Easy
sublattice anisotropy by selectif@=Y or Gd. The planar C-axis anisotropy of the Fe subla_ttlce was, however, not ob-
anisotropy constants ; - of Y,Fe;;_,Al, compounds with ;erved forx_s 7, while for further increase in Al concentra-
x<6 have been obtained from the magnetization measurdion the Curie temperature was lower than room temperature.
ments on the magnetically aligned powders on the basis of Because of its capability of investigating microscopically the
simple theoretical model proposed by &t al®? They are  crystal and magnetic structure, ND study opF#Alg has
weakened by Al substitutiotFig. 13. The nonlinear de- Peen undertaken at low temperature to determine the mag-
crease ofK, r in absolute value implies that the fractional netic moment orientation. The refinement results, as summa-

occupancies of Al atoms at the four nonequivalent sites aréized in Table II, indicate that the Fe moments are oriented

20 P T T 1200 17T
80 | Er,Fe,,_ Al .
/(_n\ 2 717—-x""x 1000
...: 70" . X=1 N —~
c )
S 60F o X=2 . = 800
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FIG. 10. Temperature dependence of the first derivative of ac FIG. 12. Temperature dependence of the real compongtaf
susceptibilitydy'/dT of Er,Fe; ,Al, compounds withk=1, 2, 3,  the ac susceptibility of EFe;;_,Al, compounds withk=5, 6, and
and 4. 7.
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FIG. 13. Concentration dependence of the anisotropy constant FIG. 14. Temperature dependence of the ac susceptibility of
K, and the anisotropy fieldsoH  of Y,Fe;_,Al, compounds. ErFe7 xAlx with x=8 and 9.

. o . 9, respectively(Fig. 14. The sharp peaks are attributed to
along[001]. This means that a uniaxial anisotropy of the Feihe Curie temperatures, as are shown in Fig. 5, while the

sublattice can be induced also by the introduction of Al at-,,maies at low temperatures are related to spin reorienta-
oms. Comparing the occupancies of Al atoms with those ofj, s For the compounds witk=8 and 9, the uniaxial Fe-
Ga atoms;>**>33%%one can deduce that the Al or Ga atomsgyplattice anisotropy dominates the overall magnetocrystal-
preferentially occupy 6 and 18 sites, which may make a |ine anisotropy at high temperatures. Because the Er
predominant contribution to the easy-plane anisotropy. WheByblattice plays a more important role in determining the
the Fe atoms at these sites are replaced by nonmagnetic #MD at low temperature, it is reasonable to assume that the
oms, a positiveK, ;e may be obtained, that is, a uniaxial EMD changes fromc axis to basal plane with decreasing
anisotropy of the Fe sublattice can be induced. A detailedemperature in these two compounds. The magnetic phase
inVGStigatiOﬂ of the contribution of the individual sites to the diagram of EfFel77XAIX Compounds is illustrated in F|g 15.
overall anisotropy will be undertaken in the near future.  The fact that the EMD changes fromaxis at high tempera-

As can be seen in Fig. 13, the absolute value of the angre to basal plane at low temperature implies that the sign of
isotropy constank, . decreases from 50.4 K/f.u. forFe;  the second-order CEF coefficiert,, has changed from
to 17.0 K/f.u. for Y,Fe;sAl, at 4.2 K. In view of the fact that  negative to positive with increasing Al substitution fer
for the sample EfejsAl,, the easy magnetization direction =g, A similar effect of Ga substitution on the CEF coeffi-
changes from basal plane ¢caxis with decreasing tempera- cient was also observed in T¥e ., Ga, compounds by
ture, this suggests; ¢ >17.0 K/f.u. at 4.2 K. On the basis of neytron-diffraction studie®
Eq. (8), the value ofA,, has been found to increase in nega-  Band-structure calculations have demonstrated that the
tive value from —24.58&ay* for ErFe; to more than second-order CEF coefficier,, is determined predomi-
—29.8%Ka, 2 for ErFeAl,.

With decreasing temperature, no spin reorientation is Er,Feq7..Aly
found in the EsFe;_,Al, samples withk=5, 6, and 7. This
implies that there are two possibilitiegt) K; g>|Kygd or x=0 EE—
(2) K1 g<|K1gd at all temperatures. The first possibility can X=1 [ —
be excluded on the basis of ND results thaiHe[,Al5 ex- Xx=2 [ I
hibits easy-plane anisotropy at room temperature. Thus, it is x=3 [
only possible thaK ¢<|Kgd for the compounds with X=4 [ I

=5, 6, and 7 at all temperatures. Thus, the valuk pf, also

: - - : =5 I
decreases with further increasing Al concentration. The easy X=5

c-axis anisotropy of the Er sublattice is not strong enough to X=6 I
overcome the planar anisotropy of the Fe sublattice. The de- x=7
crease oK g, is attributed to theA,, decreases in negative X=8 Bl

value with increasing Al concentration. For example, for the X=0 ]

compound withx=6, K; ge=—4.2 K/f.u. at 4.2 K. This
means thak, g<4.2 K/f.u. at 4.2 K. On the basis of E(B), I T Y T T Y O A B

the absolute value o will reduce to less than 14.K&, 2 0 80 160 T(}ZSO 320 400
for ErFe Al
2Fefls plane mmm

The temperature dependence of the ac susceptibility
shows a sharp peak at 146 and 142 K and an anomaly at the
temperature 38 and 44 K for the compounds with8 and FIG. 15. Magnetic-phase diagram of,Ee;;_,Al, compounds.

c-axis —
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nantly by theR ions’ 5d and € valence-electron charge atoms of the 1B site, which is the nearest-neighbor of the Er
asphericity®® It is strongly influenced by the variation &fin site in thec-axis direction(different layej seems to make
R,Fe;_,Al, because of the changing hybridization of Re the A,; values more negative, and hence to increase the
ions’ 5d and 6 valence-electron states with the valence-uniaxial anisotropy of Er sublattice. Thus, a small degree of
electron states of the neighbor atoms. Quite substantighl substitution can increase the spin-reorientation tempera-
changes in the magnitude and sign of Bh@alence-electron ture of EpFe;_,Al, compounds. The preferential occupan-
asphericity can be expected when Al preferentially substicies of Al atoms into the 18site, which shares with the Er

tutes into the nearest-neighbor sites of Batoms. site at the same basal plane, appears to makéihealues
less negative, and finally lead to a sign reversal from nega-
IV. CONCLUSION tive to positive. Therefore, relatively high Al substitution in

i . ErFe;_ Al will change the EMD of the Er-sublattice mo-
On the basis of the correlation between the Al atom oCients frome axis to basal plane.

cupancies in EFe;_,Al, compounds and the Er- and
T-sublattice anisotropies, it is reasonable to conclude the fol-
lowing. (1) The Fe atoms at@4f ) and 18(12j) sites have

a predominantly negative contribution to the anisotropy of
Fe sublattice. When they are replaced by nonmagnetic Al This work was supported by the National Natural Sci-
atoms, a positiv&; re, and hence, uniaxial anisotropy of the ences Foundation of China. The ac susceptibility was mea-
Fe sublattice may be obtaine@) The preferential occupan- sured at the University of Amsterdam within the scientific
cies of the substituted atoms have a significant effect on thexchange program between China and The Netherlands.
CEF coefficients at the Er site, and consequently, on th&.H.C. would like to thank the Alexander von Humboldt
Er-sublattice anisotropy. The preferential occupancy of AlFoundation for financial support.
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