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Magnetization, electrical resistivity and the Hall resistivity have been measured
on polycrystalline Er,_.Y.Fe, in cubic Laves phase. All the compounds have been
confirmed to be ferrimagnetic except for YFe , which is ferromagnetic.

Curie temperature 7, decreases slightly with increasing x. They have a com-
pensation temperature ¢ at which the spontaneous magnetization has a minimum.

The magnetic properties are discussed on the basis of the molecular field theory
and the electrical resistivity and the Hall constants are discussed on the basis of the
localized moment model.

§ 1. Introduction
In rare earth metals, 4f electrons, which are responsible for their magnetic properties, are
deep inside the closed orbitals. Their magnetic properties are explained in terms of the local-
ized moment models. On the other hand, the magnetic electrons in iron group elements have

Fe

Fig.1; Crystal structure for the cubic Laves phase.
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been explained by both the localized and itinerant models.

In our specimens, Er,_,Y,Fe, a part of Er is replaced by nqnmagnetic Y, which has or-
bitals similar to those of rare earth metals. The crystal structure of these speciments is MgCu,
type cubic-Laves phase as shown in Fig.1. With these specimens, magnetic properties can be
revealed without changing crystal structure and the state of conduction electrons. It is very in-
teresting to investigate how the magnetic moment with different character cooperates with
each other and what magnetic and galvanomagnet{c character they have. We have measured
the temperature dependence and also the concentration dependence of magnetic, electrical
and galvanomagnetic properties of this system.

Results are discussed on the basis of the molecular field theory and the localized moment
model.

§2. Experimental
a. Specimens

Purities of Er, Y and Fe metals were 99.9%. Rough materials with stoichiometric com-
position were melted and remelted several times in an argon jet furnace to get homogeneous
compounds. Weight loss in the process of the melting was within 0.02%. Since ErFe, and
YFe, are eutectic as shown in Fig.2, specimens were annealed for two weeks at 600" C to
1000° C to get stable Laves phase. Specimens were confirmed to be in a single phase of Laves
phase by X-ray diffraction pattern analysis. Er,_,Y.Fe, specimens were prepared for x=0.0,
0.3, 0.4, 0.5, 0.6 and 1.0.

b. Measurement

Magnetization, and the Hall constant measurements were performed over the tempera-
ture range from 77 to 600K. Electrical resistivity measurements were made over the temper-
ature range from 77 to 800K. Liquid nitrogen was used for measurements in low temperature.
High purity helium gas was introduced into specimen holder case as heat exchange atmo-
sphere. Measurements were made in a vacuum at high temperatures. Multimeter and digital
voltometer were connected to the NEC micro-computer PC-8801 to perform experiment au-
tomatically. AuFe-Chromel and Pt-Pt/Rh thermocouples were used for low and high tem-
perature measurements, respectively.

Magnetization measurements were performed by using Faraday type magnetic balance in
fields up to 15 kOe. Electrical resistivity measurements were made by means of a standard
four-probe method. Electrical current was reversed for each measurement to prevent thermo-
motive force due to the possible temperature difference between electric probes.

Specimens were cut from the ingots, by using a crystal cutter, into parallelepipeds of 1x
1x15mm® for the electrical resistivity and 3x0.3x15mm*® for the Hall resistivity. They were
annealed for two days to remove strains possibly introduced in the process of cutting. Copper
wires of 50 and 150 micrometer diameter were used as the electric probes for low and high
temperature measurements, respectively. Two-probe method was utilized for the Hall con-
stant measurements. Temperature was controlled within 0.2K during the measurements.
Electric current and magnetic field were reversed to get rid of the effects due to magneto-
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Fig.2; Metallurgical phase diagram for Fe-Y and Er-Fe alloys.
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resistance and electro motive force. We obtained the Hall resistivity by averaging the four

experimental values.

§3. Results
a. Lattice Constants
Fig.3 shows the x dependance of lattice constants at room temperature. Lattice constant
increases linearly with increasing x. As the ionic radius of Y* is larger than that of Er* ,
these facts suggest that the rigid sphere model (Vegard’s law) is valid in these compounds.
Our results on ErFe, and YFe, agree with those of Buschow and Stapele®’ within 0.1%.

ErI-xYxFeZ
lattice constant

T L L) 1 ] ) T 1)

Fig.3; Lattice constant for Er,_,Y,Fe,.

b. Magnetization

Magnetization curves of ErFe, at temperatures 77 and 298K are shown in Fig.4. These
curves indicate that ErFe, has a spontaneous magnetization. Temperature dependences of
spontaneous magnetization are measured at fields 11 kOe, because magnetization saturates
above 10 kOe for all the temperatures.
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Fig.4; Magnetization curve for ErFe, at 77K and 298K.

In Fig.5, temperature dependence of magnetization is shown. Except for YFe,, magneti-
zation has a minimum at certain temperature. This fact means that the magnetic moments
are devided into two parts and that one of the parts is antiparallel to the other part. Further,
no minimum in YFe, means that this compound has only one sublattice moments. Thus we
can conclude that ferromagnetic alignment of Er moments is antiparallel to the ferromagnetic
alignment of Fe moments-that is ferrimagnetic-for all the compounds except for YFe, which
is ferromagnetic. Compensation temperature (6.), at which magnetization has a minimum,
decreases with increasing Y concentration. The Curie temperature (7', ), at which the sponta-
neous magnetization goes to zero, is about 570K for all the specimens.

In Fig.6, temperature dependences of 7, and 6, are shown. 7, decreases slightly and lin-
early with increasing x, however, the compensation temperature 6,, at which the magnetiza-
tion becomes minimum, decreases with increasing x. Magnetic moments of Er and Fe at 0K
are 9 s, and about 2 us, respectively.

We assume that the moment of Er decreases more quickly than that of Fe with increas-
ing temperature. When the moment of Fe will become equal to that of Er at some tempera-
ture, the spontaneous magnetization of the system will be zero at this temperature. This is
called as the compensation temperature 6.. The fact that 6, decreases with decreasing Er
content supports the above assumption.

|
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Fig.6; Curie temperature T and compensation temperature ¢ for Er,_ Y, Fe,.
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c. Electrical resistivity

In Fig.7, temperature dependence of electrical resistivity is shown. There are knees at
T., eventhough they are not so conspiquous as in the case of magnetization. Electrical resis-
tivity at any temperature decreases as x increases.

E

a Electrical Resistivity

2

400+t ErFe; |

200¢ ErosYosFe; |
YFe,

0 200 400 600 800
T(K)

Fig.7; Temperature dependence of resistivity for Er,_,Y, Fe,.

Electrical resistivity o may be expressed as the sum of p,, due to impurity scattering,
p. due to magnetic scattering, and p,due to phonon scattering (Matthiessen’s law). p,, can
be obtained as the linear extrapolation to 0K, because it'is independent of temperature. p,, is
negligible for all specimens. Temperature dependence below T, is due mainly to g,. p, satu-
rates at 7, where atomic moments are in disorder. Therefore, g, is a constant above T.. Lin-
ear increase above T, is due to the fact that p,, increases linearly with increasing tempera-
ture. Gradients of the curves above 7, are almost the same for all the specimens. Therefore,
as we can conclude that p,, is independent of x, the states of conduction electrons are almost
the same for all the spacimens.

We cam obtain g, subtracting g, from p. p, decreases with increasing x. Because the
number of Fe ion is independent of x, we may conclude that the decrease in p,, is due to the
decrease in the number of Er ions.

d. Hall constants
In Fig.8, field dependence of Hall resistivity ( p,) at 295K and 400K is shown. p, satu-
rates above 10kOe as in the case of magnetization. Hall resistivity pyis expressesd as the sum

I
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of normal Hall resistivity p,,, and abnormal Hall resistivity Papmor. Pror iS due to the Lorentz
force which is active over the entire range of the magnetic field. In the case of one conduc-
tion band, p,, is proportional to the field. p,, may be obtained by drawing a line parallel to
the linear part of the curve after the saturation of magnetization. p,,, is due to the magnetic
moments in the specimen and saturates as the magnetization saturates. Therefore, one can
obtain p,., subtracting p.. from p, measured at any field.

él’ Fez

|
S

0 5 10
H(kOe)

Fig.8; Field dependence of the Hall resistivity at 295K and 400K for ErFe,.

By observation of Fig.8, we can find that p,, is much smaller than p,,., and almost in-
dependent of temperature. Thus Hall constants were measured at field 10kOe in order to in-
vestigate the temperature dependence of Puun-

In Fig.9, the temperature dependence of p,.,,, is shown. p,u.. is maximum just below T,
for each specimen. p,,.. changes its sign around 6.. p,,,, is positive and negative at temper-
atﬁres above and below 4., respectively. The obtained Hall resisivity is essentially the same

as that obtained by Hiraoka*' .
Results of measurement and calculation discussed in detail in § 4 are given in Table I.
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Fig.9; Temperature dependence of anomalous Hall resistivity at H=10kOe.

El’1_ Y.Ee,

X/ 0|03 [04]|05]|]06][10 |[# {
Tc 590 | 576 | 571 | 566 | 562 | 544
8c | 468 | 317 | 268 | 246 | 139 | —
Ao |7.282|7306|7314 |7.322(7.331|7356
me (0) |215 [1.71 |1.66 [1.63 [1.59 [1.43
me (0) | 9 9 |9 |9 9 |9
Nee 16| 16| 16| 16| 16| 16
Ner 80| 56|42 |40|32] 0
Nee-re  |-4126(-7163|-7661(-7941|-8472[-10623(G’crriferg

PoX X |l

Nere | 976 | 931 | 923 | 900 | 887 | — |Genflerg
Nerer | -50|-140|-460]-490(-400{ — |G'enfrerg
G |2.342[5.647| — | — |7.554| —
C, [-9120}-2199| — | — [-1786] — | x107°
D, |3464] — | — |66.58| — [376.8
D, [16.26] — | — [7.180] — | —

Table 1; Physical properties of Er _ Y Fe . T, denotes Curie temperature, 6., compensation
temperature, A,, lattice constant, m, atomic magnetic-moment in Bohr magnetons, 7,
number of atoms in a unit cell, and N, molecular field constant, where suffixes Fe and
Er mean Fe sublattice and Er sublattice, respectively. C, and C, are contribution factor
for the anomalous Hall resistivity from Fe and Er sublattices, respectively. D, and
D, are contribution factor for the electrical resistivity from the Fe and Er sublattices,

respectively.




10 Y. KADENA, S. MUTOH & K. YAGASAKI

§4. Discussion
1—a. Magnetization

As the result of magnetization measurement, it was assumed that both of the Fe and Er
moments couple ferromagnetically themselves, and Fe and Er moments couple antiferromag-
netically. To verify the assumption and to clarify the interaction between magnetic moments,
magnetization curves were analyzed in terms of molecular field approximation®’ .

There are Fe and Er sublattices in this system. N;,_;, is the molecular field constant for
the field on the Fe moments due to Fe sublattice. N, _;, is the molecular field constant for the
field on Er moments due to Er sublattice. Ny, and Ng,_g, are positive. Np_g, is the molecu-
lar field constant for the field on Fe due to Er and vice versa and is positive. These three
molecular field constants are taken into account in the process of molecular field analysis.
Magnetic moments are distributed among the energy levels in proportion to the Boltzmann
factor. One can calculate the magnetization using the Brillouin function.

Let the magnetization moments per atom of Fe and Er at absolute temperature 7 be

M (T) and M (T), respectively, which are transformed as follows,
M (D)=me (D) g, M (D) =me (T pt,.
¢y is the Bohr magneton.
Me TV =me(0)B, ,z.) (1)
mEr(T)=mEr(O)BIS/2(xEr) (2)
B, , and B, are the Brillouin functions for /=1/2 and J=15/2. m,.(0) and ., (0) are the
Bohr magneton numbers at 0K of Fe and Er ions, respectively. Theoretical value for Er** ion
is &g, Je;= 9, which agree with experimental value closely. We referred Buschow et al.*’ for
me(0). B, ,, is used, because the magnetization curve of Fe at high temperature is well de-
scribed by this function.

Variables in the Brillouin functions, %, %, are expressed in terms of the molecular fields
due to the sublattice, as follows

Zre =M (0)/ KT — Npe e Ipe(T) + Np_g, L (T)

e, =M, (0)/ KT+ Ng, g Lee ) — Nz, g Le (7).
These equations can be rewritten »

Tre = pty M5e(0)/ ke’ T { — Nye g Me e () + Ne_gme (1) } (3)

Xge = /‘szmﬁr(o)/kaosT { Neeog e 1) —Ng, g, me (T) } (4)
I:(T) and I.(T) are the magnetization of Fe and Er sublattice at temperature 7, respectively.
g, and ng, are the number of Fe and Er ions in a unit cell. g, is the lattice constant. % is the
Boltzmann’s constant. It is difficult to solve equations (3) and (4) for the molecular field con-
stants analytically. We tried to solve it graphically.

1—b. Determination of the molecular field constants

Absolute values of the magnetization of the sublattices are equal at the compensation
temperature 6.(7= 6.).
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M Oc) = Ng M. (Gc) =mc(c) (5)
Equations (3) and (4) can be rewritten as,

X =Mp(0)Q { — Npe—re +Neeop, mc(6c) } (6)

Ze =M (0)@ {  Neeog, —Ne,_emc(6c) } (7)
where,

Q= /(ar'0c) (8)

Equations (1), (2), (6) and (7) lead us to following equations.

M 6c)="neme (0)B, (%) (9)

m( 0c) =2%g. | Me(0)Q— Ng_ge +Np._g,) 10)

el 0c)=71|-:r(0)B|5/2(x5,) 11

me( ﬂc)=x& 1 1, (0)Q(Ne - — N, _g,) (12)

We need to solve these equations graphically for m(T),m.(T) ¢, and x;,. Then the re-
sultant magnetization must be equal to m(6.).

Magnetizations of both sublattices are not zero at the Curie temperature 7. . All the
curves corresponding to the equations (9)—(12) cross the origin. Then the gradients of straight
lines (10) and (12) give corresponding Brillouin functions. Gradients of the Brillouin functions
B, , and By, ,, are obtained as follows,

B, (%) =BF. + 1), / 3/

Zre =3J [ Bfie +1)B,  2(%e.) (13)
Bls/z(xFe)=(3jEr +1)x,, /3]*[_':r
Xe, =3/, /(3];;, +1)B,; /(e ) (14)

B, . is used for Fe ions but the magnetic moment of the ions is larger than 1 4, for the
state J=1/2, we introduce the multiple factor «: Fe moment is « times larger than that for
J=1/2,

me(0)=ge( a) (15)

values of a (or mg(0) are listed in the Table I.

Following expression for 7. may derived from the equations so far appeared.

T.=—-1/% azNFe—Fe Ce. +NEr-ErCEr)

+1/2 {( azNFe—FeCFe _Nsr—a- Car)z +4NF¢—Er CFeCEr o } 12 (16)
where, '

Cr. =g JoUr +1) " 15 3k’ an

Ce =g Ju: e +1) s’ 1 | 3ka’ (18)

We derived five equations (9), (10), (11), (12) and (16). But there are six variables, m(4,),
Zger Xers Neeorer Nregr» and Ng_g, to be determined. We can not determine the molecular field
coefficients uniquely. There is another condition that the molecular field coefficients should
satisfy. Every molecular coefficient Er,_,Y,Fe, should coincide with that of YFe, smoothly.
N.._;. can be obtained from equation (18).

Thus obtained molecular field coefficients are shown in Fig.10. Absolute value of N, _,,
increses linearly with increasing x. ErFe, seems to be exceptional. This fact suggests that the
moment of ErFe, is exceedingly different from that of the other specimens. N, _;, is respon-

—H
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sible for the ferrimagnetic arrangement of the magnetic moments. Absolute value of N, _;, in-
creases with increasing x. This means the field at the site of Er ion due to surrounding Er
moments increases with increasing x. Lattice constant increses with increasing x. Larger lat-
tice constant reduces overlapping of 3d orbitals on the neighboring ions. Consequently, the
direct interaction between Fe ions and the number of magnetic ions in an unit cell will be re-
duced. These effects will reduce the Curie temperature. The results of our reasoning agree
with the experiment. '

As a whole, the molecular constants obtained describe the magnetization of the system
considered.

Er.Y,Fe.

N
1)

&

Ne,_re(x10° GZcm?/erg)
O

o
(o]

Nee-re (X103 GZcm?/erg)

R

1 1

0 05 10 0 05 10
X X

Fig.10; Molecular field coefficients.

1—c. Temperature dependence of the magnetization
Temperature dependence of the magnetization is described by using the molecular field
constants thus obtained. Let the magnetic moment of Er per unit cell is 8 times that of Fe.

1, Mg (T)= B ne,me(T) (19)
Substituting (19) into (3) and (4), we get
%pe =M (P! T{ — Nee_pe + BN pe—z. } 1p. e (T) (20)
Ze =mg (OP/ T{ Nee-pge — BNge—g: } M Me(T) (21
where, P= p.*/ka,
Zee x5 =M. (0) (Vpegr — & Neeog ) M (0) (— Nge_pe + B Neer) =71 (22)

r will be determined uniquely when g is given.

Solving these equations graphically, we get the magnetization of the sublattices as a func-
tion of temperature. Temperature dependence of the sublattices are shown in Figs.11—16. Sol-
id line, broken line, and dotted line represent the total moment of Er and Fe, the moment of
Er sublattice and the moment of Fe sublattice, respectively. Experimental values are shown
by open circles. Experimental results and the calculated values are brought into coincidence
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at 80K. Calculated magnetization follows closely the temperature dependence of the magneti-
zation. Discrepancy between the calculated magnetization and the experimental results seems
to increase with increasing x. This fact suggests that fluctuation, which increases with increas-
ing x, thereby increasing the discrepancy, in composition and in the crystal field will be pre-
sent in these polycrystals used in this experiment.

ErFe,

120 - .

M (g /unit cell)

T(K)

Fig.11; Calculated temperature dependence for the magnetic moment of Fe and Er sublattices

and the total magnetic moments. —— : total moments, -----: : Fe sublattice moments,
and —-—: Er sublattice moments. o’s are the experimental values for ErFe,.
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Fig.12; For Er,,Y, Fe,.
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Fig.16; Temperature dependence of magnetization for YFe,.
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2. Electrical Resistivity

" In this subsection, we discuss how the conduction electrons are scattered by moments in
Er and Fe sublattices. The band structure is considered to be rigid, because Ap,/ AT is al-
most constant over the whole range of x. Rare earths are well described by a localized mo-
ment model. Fe is believed to have comparatively strong character of localized moment. Our
discussion will be based on the localized model.

Kasuya ®' caluculated p,, with following supposition.'’ Magnetic moments are lacalized.
They scatter the conduction electrons but they do not contribute to conduction themselves.?
The only carriers are s electrons(1-band model).?’ Interaction between localized and conduc-
tion electrons is spin-spin coupling.

A result of their caluculation is,

P 0 (M, — <M 3)*> (23)
where M is the magnetization. Electric resistivity is proportional to the average of squared
fluctuation of the magnetization. (22) is applied to the sublattices.

<Me.> = M.,expM,%e. I M,! T exp(M,xz | M) i (24)
M, | My, is the potential energy of the moment M, in the molecular field, which is along z-
axis, devided by themal energy &7

0., may be described as the sum of contribution from the two sublattices.

pu=D, {(Mg,, — Me>)*> +D o {Mgis — <M. >)*> (25)
where D, and D, are constants depending on the intensity of interaction. Fig.17 shows <{(M
res — <Mz, ) and (M, — (M,,>)*>, in the case of Er, .Y, . ;Fe,, caluculated on the basis
of the temperature dependence of the sublattice magnetization obtained in the preceding sec-
tion. D, and D, are determined so that (24) describes the experimental results most closely.

N
 40r N
L}

[
< L
XN <&
- 20 N
~ S
1 ~
N |
— N
~ -
~ =

T(K)

Fig.17; Calculated values for the mean squared fluctuation of the magnetic moments.
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Fig.18; Calculated magnetic resistivity. — : total, ----- : Fe sublattice and ——: Er sublattice.
o s are experimental ones for ErFe,.
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YFez

—~ 200+ 1

=

(3] i ]

a

o= §

ot 100} :
0 200 400 600 800

T(K)

Fig.20; Calculated and Experimental magnetic resistivity for YFe,.

In Figs.18, 19, 20, results of the analysis are shown. Contribution from the Er sublattice
is much lagrger than that from the Fe sublattice. This may be the reflection of the fact that
rare earths have much larger p, than Fe. Agreement between the calculated and experimen-
tal values is better in the high temperature region than in the low temperature region. The
agreement is better in the Er rich region than in the relatively Fe rich region. In the Fe rich
region, localized model will not be valid and consequently the molecular field approximation
used in this discussion will not be valid also. The large discrepancy between experimental and
calculated results in YFe, supports this reasoning.

In general, magnetic properties are not described in terms of the molecular field approxi-
mation in the low temperature region. Spin wave models are used in low temperature region.
Temperature dependence of the molecular field constant of Er sublattice shows that the mo-
lecular field approximation is applicable to rather low temperature. But the molecular field
model is not good approximation in the case of Fe sublattice. Spin wave models may be ap-
plied to Fe sublattice, where S—s coupling should also be included.

3. Hall Effects

The Hall resistivity changes its sign at compensation temperature .. Magnetization of
the sublattices are equal at .. Below 6. Er sublattice has larger magnetization than the Fe
sublattice. At temperatures higher than 6. the moment of Fe sublattice is larger than that of
Er sublattice. Direction of the net magnetization changes at .. Change of sign in p, at 6, is
considered to be caused by this change in the direction of the spontaneous magnetization.
Matthiessen’s rule can be applied for p, as in the case of electrical resistivity.
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Fig.21; Calculated mean cubic fluctuation of the moments.
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Fig.22; Calculated anomalous Hall resistivity. : total, ------ : Fe sublattice, —-—: Er
sublattice. o's are experimental ones for ErFe,.
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Fig.23; Calculated and experimental anomalous Hall resistivity for Er,,Y,sFe,.
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Fig.24; Calculated and experimental anomalous Hall resistivity for Er, Y, ;Fe,.
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We discuss the contributions to py from Er and Fe sublattices. Results of Maranzana’s”’
and Kondo’s® calculation, which are based on the localized moment model, are used. Accord-
ing to them, p, is expressed as follows

pu{(M—<M>)*> ' (24)
Applying the Matthiessen’s rule, pgu can be expressed as follows,
pa=C, {(Jree — J5ee?)*> +C, {Jere — Tee))®> (25)

C, and C, depends on the intensity of the interaction. In Fig.21 shows temperature depend-
ence of < (J— <{J>)*> for Er and Fe sublattice in the case of Er,sY,s;Fe, Values of C, and
C,, determined as in the case of D, and D,, for several x are listed in Table I . Results of cal-
culation are shown in Figs.22,23 and 24. Results are shown in reversed way at the compen-
sation temperature §. as the net magnetization changes its direction at this temperature.
Agreement between experimental and calculated p, is good for the specimens shown. Com-
paring the results of electrical resistivity and Hall resistivity, we can conclude that the local-
ized model based on the molecular field approximation is more suited for Hall resistivity than
for electrical resistivity.

As a whole, we can describe magnetic and galvanomagnetic properties of this system in
terms of the localized model based on the molecular field approximation. It is remarked that
even thought the magnetization and the Hall resistivity are described by localized model, the
electrical resistivity is not amenable to this model for Fe. Band structure and spin wave model
should be adopted for further analysis.
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