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Abstract. The linear magnetostrictioh, has been measured in the, ¥, Al intermetallic
compounds. The Zener power law, which givesas proportional to the third power?® of the

reduced magnetization, is found to be valid in the ferromagnetic phase ob Tl x < 1

the compounds are weak random anisotropy magnets, and in the quasisaturated regime induced
by a magnetic field\, is still proportional tom?”, but the exponenp is smaller than threep
increases with the field and approaches three in the high-field limit (12 T). A relation between
the violation of the Zener power law and the reduction of the magnetization in the random
anisotropy systems is derived, and is compared with the experimental results.

1. Introduction

For ferromagnets Zener's(n + 1)/2 power law of linear magnetostriction [1]i,,
wheren is an even integer, relates the reduced magnetostriétié®, H)/A, (0, H) at
temperatureT and applied magnetic field to the reduced magnetization(T, H) =
M(T, H)/M (O, H) = {J,)1/{J;)o in the well known form [2]

A (T, H) /2 (0, H) = m(T, H)""+V/2, @)

n is the order of the quantum spherical harmoKft.J) (or Stevens’ operato©°(J) and

J the ionic total angular momentum, with projectign along the quantization axis. This

law, valid at low enough temperatures, is eftremegenerality, only requiring single-ion
anisotropy of crystal electric field (CEF) origin, localized magnetic moments and ionic low
energy levels equally spaced [3]. It appears because of the relationship found between
the averagegY?(J))r and (Ylo(J))T = (J.)r, when the quantization axis is rotated to
coincide with the sample average magnetization ], and the ionicJ angular momentum
distribution around theM direction is assumed to have cylindrical symmetry [1]..)r

is the canonical thermal average, ie..)r = Tr(pY?)/ Tr p, wherep(T, H) is the density
matrix. This law applies to any irreducible magnetostrictive strain of a crystal or to the
linear (also called anisotropic) magnetostriction in polycrystalline samples. Although such
a relation derives from a particular feature within the mean-field approximation, it can be
shown that the same result is obtained in all quasi-independent collective excitation theories
and within the framework of the one-particle density matrix, as appearing in Green function
theories [4]. One of those theories is, indeed, the spin wave approximation, used in this
work.
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Usually the strongest contribution to the measured magnetostrictive irreducible strains
in crystals or to the linear magnetostriction in polycrystalline samples isithe 2 or
second-order striction and therefore we will focus our attention on it. Then we have

A2(T, H)/22(0, H) = (Y2(I)) 7 /{Y2(J))o = m*(T, H) (2

whereY2(J) = 3J2 — J(J + 1). It should be clearly stated that (1) and (2) are only valid
for good 3D Heisenberg ferromagnets, with localized moments.

Recently much work has been done on linear magnetostriction for magnetically
disordered amorphous alloys, based both on magnetic transition metals and on rare earths
(REs) [5]. However for the key case (as we shall see) of crystalline disorderly diluted (by a
nonmagnetic partner such as Y, Sc, La or Lu) RE intermetallic compounds such information
is not available. It seems natural to look for some kind of Zener-like law for them. Elsewhere
[6] we have presented an early version of a model for linear magnetostriction in disordered
quasiferromagnets, which predicts exponents which can be rather smaller than three.
This happens in fact for magnets having a random distribution of local easy magnetization
axes, i.e. for the random magnetic anisotropy (RMA) magnets. This prediction is now
exposed in greater detail and tested with available magnetostriction data for the intermetallic
Laves phase pseudobinaries, Yh_,Al,. The crystalline character of our systems is the
mentioned key point: to dispose of a reference compound whete3, i.e. TbAL, which
is a good 3D Heisenberg ferromagnet withl1l) easy direction and, = 103 K [7].

A good many experimental probes and magnetic measurements [8] have shown that the
Th,Y1_,Al, series depicts weak RMA. The magnetic phase diagram [8] shows the presence
of paramagnetic (P), spin glass (SG) and correlated spin glass (CSG) phases, with the triple
point atx;, = 0.27 andT;, = 8.6 K, above which the SG is reentrant into the CSG phase,

up to aboutx = 0.5, where it seems to collapse.

A good descriptive Hamiltonian for localized moment RMA systems is that of Harris
and coworkers [9],

H=—(1/2)Jo(gs —D*Y Ji-Jy =D (- J)* - gsusH- Y Ji ®)
[ l l

where Jp is the effective spin exchange interactidn,the local CEF strengthg, the local
easy axis at sité, g; the Land factor andH the applied magnetic field. For R¥;_,Al,

(RE = Dy, Tb) magnets the RMA can have different origins [10]. The most likely is through
the following magneto-elastic coupling (MEC) amplifying effect. Random substitutions of
the smaller radius ¥ ions will produce cubic symmetry distorting local strains, which
coupled toJ through the MEC will give rise to an axial CEF of random direction gradient.
The estimated/ Jy ratio from this source i& 0.04 [8, 10]. Other possible sources of RMA
are the difference in electron screening for thé ' Tand Y** ions and the Dzyaloshinski—
Moriya off-diagonal exchange for which/J, ~ 0.1 [8, 10]. The point is that the expected
RMA is weak as a good many experiments confirm [8]. Perhaps it is worthwhile to comment
that the mere partial substitution of Tb by another RE with different anisotropy would not
give a fully random easy direction distribution, and moreover the anisotropy would not be
weak.

In weak RMA systems when the conditia,, > H > Hpgya is fulfilled, where
H,.(= CJJo(a/R,)?/gup) is the effective exchange field anfdgz (= 4JD/gup) the
RMA one [11], one has derromagnet of wandering axigFWA), where long-range
ferromagnetic order (LRFO) along the applied fiel is formed, but the transverse
ferromagnetic order is limited to distancRs = (H,,/H)Y?R, [11, 12]. R, is the structural
correlation lengthg the nearest-neighbour distance ana constant approximately equal to
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unity. Hence no overall LRFO is developed, as was predicted for spatial dime#hsioh
[13], althoughR, can be substantial.

2. Experimental details

The pseudobinary C-15 Laves phase cubic intermetallicsyTh.Al, (nominally 025 <

x < 1.00) were prepared by argon arc melting from their constituents, aluminium of
99.999% and terbium and yttrium of 99.9% purities. The melted buttons were remelted
several times in order to attain good homogeneity and annealed 4C90 1 week in

high vacuum (4x 10-® mbar). Powder x-ray diffraction showed that the structure was the
Laves phase C-15 one. The measured lattice parameters, using the extrapolation Nelson—
Riley technique, were in between the parameters for ThAH YaAb [14]. The existence of
secondary phases was investigated using scanning electron microscopy (SEM) in the electron
backscattered mode, and no foreign phases were detected. The chemical compositions were
determined by SEM x-ray energy dispersion fluorescence, the measured compositions being
x = 0.24, 0.48, 0.59, 0.87 and 1.0. Within this work also a single crystal of Ths
investigated; it was grown using the Czochralsky technique, the sample having the form of a
cylinder 6 mm in diameter by 1 mm in thickness, with the cylinder basis coinciding with the
(110) plane. In order to avoid the effect on the measured magnetization of a possible grain
preferential orientation, we cut the samples in the form of a disc with its plane perpendicular
to the button cooling axis after the melting. The magnetization was measured within this
plane.

Magnetization measurements were performed, using a commercial VSM, between 4 K
and well above thel-55(x) boundary, i.e. the temperatures where the transitions from
paramagnetic to CSG structure occur [8]. The applied magnetic fields were bet@and
12 T, produced with a superconducting solenoid. The accuracy of the measured magnetic
moments wast5 x 10°% emu. The magnetostriction measurements were performed in the
same ranges of temperature and field, using the well known strain-gauge technique, the
sensitivity being+5 x 107/, Great care was exercised in the calibration of the gauge
factor at the lowest temperatures of measurement. The calibration was performed by
using the well known thermal expansion of a copper sample (purity 99.999%) against
pure fused silica, for which the thermal expansion coefficient is comparatively negligible
(= 5x 10 -5x 1078 K~1). The magnetostriction was measured in directions parallel,
and perpendicular),, to the applied magnetic field, in order to determine the linear or
anisotropic striction, i.ek, = Aj —1, = (3/2)(A4 — »/3), wherew is the volume strain. In
figures 1 and 2 we respectively present the magnetization and magnetostriction isotherms
for the compound TéxeY 0.41Al2, Which is quite representative of the studied compounds,
where we can see that neither the magnetization nor the magnetostrictions saturate at the
lowest temperature even at 12 T (see also figure 3 ferdtik magnetization isotherms of
the studied compounds).

3. A magnetostriction spin wave model for weak random magnetic anisotropy
systems

Our magnetostriction spin wave (s.w.) model [6] deals with the magnetization dependence
of A, for weak RMA systems within the FWA regime (see section 1), i.e. for a system

guasisaturated under a sufficiently strong applied magnetic field. The crucial difference
from magnetically well ordered systems is that because of the structural disorder the thermal
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Figure 1. Magnetization isotherms against applied magnetic field for the intermetallic compound
Tho.59Y 0.41Al 2.

averages(J,)r and (Y,?(J))T (see section 1) should now include the average over the
disorder of the random easy axis distributidn,-)., and therefore.o(7, H)/A2(0, H) and
m(T, H) will adopt the forms

A(T, H)/a2(0, H) = (Y(I) 1)/ (YD), m(T, H) = (J.)7)e/{Jz)e- 4)

We have elsewhere [11] developed in full detail an s.w. model for weak RMA systems
within the FWA regime (see section 1), which we will briefly outline here, in order to
understand the main points of the s.w. magnetostriction model. The main purpose of such a
presentation is to introduce the diagonalization transformations followed with Hamiltonian
(3), which are needed in order to calculatg(T, H). In fact in order to perform such
a diagonalization it is convenient to work in the magnon space. For such a purpose, we
express the angular momentum operatgrsJ/;,” and J;~ in terms of the site spin deviation
operatorsq;” anda;, which in turn are transformed to creation and annihilation magnon
operatorsa;” anda, respectively, of wavevectak. In this way we obtain the following
Hamiltonian [11]:

SD , ,
H = Z e(k)aiar — — Z{—Yzo(k —k)aiai + Yoo(—k — Kaj ai}
% VN %
—V2832D Y (Yzo(—k)ar) + cC (5)
%

wheree(k) = Ak? + g;upH is the unperturbed magnon energy, with an s.w. stiffness
constantA = C’'JySa?, whereS = (g; — 1)J is the spin quantum numbeu, the lattice
constant and”’ a constant depending on the crystalline structure. The téhg&’ — k),
Yoo(—k— k') andcc are the Fourier transforms of the complex spherical harmdfjgéa;)

[11]. The Hamiltonian (5) is of the Holstein—Primakoff type but differs from it in the terms
linear ina; anday and in the non-diagonal terms within the curly brackets. These last
terms take into account the scattering suffered by the s.w. from the crystal field of random
easy axisa;. It was shown [11] that the linear terms are removed by the diagonalization
transformations

ar, = ay, + ¢, andcc (6)
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Figure 2. Magnetostriction isotherms for the compounch§§Y 0.41Al2: (a) parallel (1)) to the
applied magnetic fieldH; (b) perpendicular ) to H.

whereq;, and oz,‘: are boson operators arg are c-numbers. A second transformation is
required to fully diagonalize Hamiltonian (5), of the form [11]

ok =P+ Y _(urw B + viw i) @andcc. )
iz

The form of the matrices, and v, can be found elsewhere [11], amd and ﬂ,j are
again boson operators.

It can be easily shown that the crystal space transformations diagonalizing Hamiltonian
(3) are the ones obtained by Fourier transforming jointly (6) and (7). In this way we obtain

ap = 14+ upoy + lell+ + ¢; andcc (8)

whereo;, o are dynamic boson operators, ¢;", static disorder spin deviatiarrnumbers
andu; andv; the Fourier transforms of the matriceg, and vi,. These matrices again
account for the dynamical s.w. scattering by the RMA disorder. The particular expressions
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Figure 3. Low-temperature (4 K) magnetization isotherms for the polycrystallingYth, Al
compounds, within the correlated spin glass regime of the magnetic phase diagram. Inset, the
Tb concentrationyx, dependence of the 0 K extrapolated ‘saturatiol’ £ 12 T) magnetic
moment for this series of compounds.

for all of these matrices and operators are not needed here in order to obtain the required
relation between.,(T, H)/1,(0, H) andm(T, H) and they will be skipped. In fact we can
write

M(T, H)/gTup =1—J Ya] a)r). )
and by use of (8) the 0 K magnetization becomes

MO, H)/gTup =1— T () + (v vi)e}- (10)
Also,
(Y2(D)1r)e =3J% = J(J + 1) — 32J — Dfla; ar)r)e + 3} o aar) 7). (11)

Then from (9) and (11) we readily obtain
(Y2(D)r)e =372 = J(J +1) = 3J(2) = (1 = (¢Jup) " *M(T, H))

+6J%4(L— (g pup) *M(T, H))? (12)
where the last term in (12) originates from the decoupling of the quartic term in (11), i.e.
() aan)r)e = 2((a ar)r)? (13)

which seems in principle a good enough approximation wHe& H,,, as proved in [11].

The important result issuing from (12) is the possibility of expresg{#§(J))z). and
(Y2°(J))C only in terms of/ andM (T, H) andM (0, H) respectively, and hence. In fact
from (9), (10) and (12) it is easy to arrive at the expression

AT, H) 20 =1-3(2J —=1)(1—(gspupJ) "M (T, H))+6J[1—(g;upJ) *M(T, H))?
220, H) 20 =1-3(2J —1)(1—(g;pupJ) "M (0, H))+6J[1—(g,15J) "M (O, H)]Z(i4

If we perform the quotient (14) at temperatures low enough that we caiM@ke H) =
M (O, H), it can be easily shown that

AT, H)/A2(0, H) =1—-35(1—m(T, H)) =m(T, H)? (15)



Violation of magnetostriction Zener law 6951

with the Zener-like exponent given by
_3e =3 J(2J —1) —6J5+8(1+48)
P= =2 2r 1) — 65 + 351+ 25)

(16)

where
8§ = JAm(0, H) Am(0, H) = (gJug) *AM@O, H) = 1— (gJug) *M (0, H). (17)

Therefore, according to (15), for weak RMA systems under the FWA regime, a Zener-like
power law for the linear magnetostriction is predicted.

The 0 K reduced magnetization quantum defect is a consequence of the static spin
deviations and s.w. scattering produced by the RMA disorder, according to (10). Therefore
the important prediction is that foAM (0, H) # 0 and at low enough temperatures the
exponentp is smaller than three, i.e. a violation of the® Zener law occurs. Notice that
for AM(0, H) = 0 them® power is regained. Also, for fixed, p decreases monotonically
when Am (0, H) increases, as we can see in figure 4, where we present the variation of
with Am (0, H) for the TB* ion (J = 6).

32
24 | Tb* (J=6)
o 16 +

08

0.0 | i i 1
0 0.1 02 0.3 04 0.5

Am(0)

Figure 4. The theoretical dependence of the Zener-like expopeagainst the 0 K reduced
magnetization defecAm (0) for the TB* ion.

4. Results and comparison with model predictions

We have observed, for the first time, the above predicted violation ofi figener law in the
intermetallics ThY1_,Al,. Two previous results should be reported. In the inset of figure 3
we show the extrapolade0 K values for the measured 12 T ‘saturation’ magnetization. For
the good ferromagnet TbAlthe measured momentt(d K and 12 T) in a polycrystalline
sample is(8.7 £ 0.2) up, within the experimental error very close to the unquenched free
momentur,er = gJup = 9upg. This result is corroborated by the spontaneous magnetic
moment determined in a TbAlsingle crystal, along thélll) easy direction, obtaining
(9.0+0.2) up from the extrapolation down té/ = 0 of the 4 K magnetization isotherm,
as shown in figure 5. On the other hand foRD< x < 0.87 the moments are reduced
down to a constant value @B.0 + 0.2) up (see the inset of figure 3). Moreover, for a
ferromagnet the expected single-crystal (cr.) magnetization value at remanence, obtained
from the polycrystalline (pol.) value, is given hy(cr.) = n(pol.)/0.866 [15]. For ThA},

this relation yields, from th 4 K remanence value of8.0 + 0.2) up (see figure 3),
wu(cr) = (9.2 + 0.2) up, signalling no CEF quenching again. The overall conclusion
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is that forx < 1 the observed\ M (0, H) reduction is not a uniform CEF quenching effect,
but a static RMA disorder quantum effect. Therefore the YIih ,Al, series is a good
testing ground for observation of the predicted magnetostriction law violation.

10 H H B [.

8 [.. =
£
E 6 -
£
E 4 TbAl2 .

, T=4K |

HI(111)
O(} i | i L
0 0.4 0.8 1.2 1.6

H(T)

Figure 5. The magnetization isotherm at 4 K for applied magnetic field along the easy direction
(111) for a TbAl single crystal. The dashed line is the zero-field magnetization extrapolation.

Also important is to decide the range of magnetic fiellds,to apply in order to obtain
the FWA regime. From the observation oktd K magnetization isotherms of figure 3, the
effective anisotropy fieldH;, can be estimated from the curve knees and therefore taken
as H, = 0.5 T. The FWA regime will be reached iff > H;, but H should not be too
much higher because the FWA regime would be severely distorted or even destroyed [11].
We chose a compromise, taki§) = 3 T, in order to compare with our model results. In
figure 6 we present h3 T magnetization isofields, at the CSG regime of the magnetic
phase diagram, and in figure 7 the magnetostriction isofieldst 8 T aswell.

8 s x=1.00
‘%A%é - o x=0.87
~ .| o s x=0.59
A o x=048
é [ J O A
:?.a 4 B ..AA
2 B A
A
i A »
0 i t i i

0 50 100 150 200 250
Temperature ( K )

Figure 6. Magnetization isofields a# = 3 T for Th, Y1_,Al, compounds, within the correlated
spin glass regime of the magnetic phase diagram.
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Figure 7. As figure 6, but for the second-order linear magnetostriction,

In figure 8, we present the double-logarithmic plots )af(T, H = 3 T) against
M(T,H = 3 T), obtaining good linear relations for temperatures well belfwy; (x);
the slopes are thg exponents. The exponengshave been plotted againstin the inset of
figure 8. For TbA}, p = 3.0£0.15, but for Tb concentrations < 1 they are substantially
smaller than three, in excellent agreement with our model prediction.

2 i -
I {4 S ar
L 24
- : }
[ew]
— 204 04 038 2
> X (at. % Tb3*)
(<N L
05 o x=0.48
7 8
M(MB /Tb3+)

Figure 8. A double-log plot of the second-order linear magnetostrictiap, against the

magnetization (use of reduced units as in (15) is irrelevant), at Hoth 3 T and temperatures
below the P-CSG boundary. Lines are linear fits. Inset, Zener-like expopeagainst Th

concentrationy, for A, at an applied fieldd =3 T.

As we signalled before we expect that at high enough applied fidhe FWA will
approach a 3D Heisenberg ferromagnet, paralleHto This is, in fact, what happens, as
we show in figure 9, where at 12 T, for the compound= 0.87, p = 3.1 £ 0.15, with
p =29+ 0.15 and 27 + 0.15 for x = 0.59 and 0.48 respectively, due to the increasing
RMA strengthD.

A good consistency check of our results is to compare the meaguredues with
the theoretically predicted values, as shown in figure 4. To do this, in figure 10 we have
plotted p at 3 T against the experimental magnetization quantum defe&fTaaswell, as
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Figure 9. The magnetic field dependence of the Zener-like expongntior Th,Y1_,Al>
compounds, withv = 0.48, 0.59 and 0.87. The lines are guides for the eye.

obtained in the following way. Looking at the magnetization isotherms of figure 3 or at
the isofields of figure 6, we notice that & T the magnetization for polycrystalline ThAI

is smaller than the spontaneous value(®0 + 0.2) up, as obtained above. This lack

of saturation is probably due to the grain distribution misalignment, an effect that should
probably also be present for the compounds with< 1. This means that in order to
calculate the magnetizatiaquantumdefect forx < 1 at 3 T wemust take as reference the
magnetization of polycrystalline ThAlt the same field. Changing/up for this value in

the second of equations (17), we obtain form (0, 3 T) the values quoted in figure 10. As

we can see the decreasemfvith Am (0, 3 T) is faster than the theoretical prediction. This
indicates that more theoretical work beyond the simple model here presented is needed. A
possibility for such disagreement is that the decoupling in (13) is not accurate enough.

30 VT—{_
ol
o
1.0 +
0.0 ' ' :
0 0.1 0.2 0.3 0.4

Am (0, 3T)

Figure 10. Variation of the Zener-likep exponent with the reduced magnetization defect at
0 K and 3 T. The points® ) are the experimental values 2 T and the line the theoretical
prediction.
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5. Conclusions

In conclusion, we have shown that for crystalline weak random anisotropy magnets, in the
quasisaturated regime, the well established low-temperature magnetostriétiéener law

is clearly violated, as a consequence @& thK magnetization quantum reduction due to the
static spin deviations @0 K s.w. scattering. It should be emphasized that because weak
RMA does not disturb the assumed cylindrical symmetry around the average magnetization
vector, M, direction, the relationship.,, ~ m” between the linear magnetostrictiaon,,

and the reduced magnetization, is preserved, although the Zener exponenis severely
reduced from the value(n + 1)/2. This apparently is a consequence of th&/(0, H)
reduction, which in turn requires a reduction pfif spin cylindrical symmetry around{

is essentially preserved in the FWA regime over the transverse correlation léhgth,

Acknowledgments

AdM is grateful to J Cullen (NSWC, Washington) who was coauthor of the early version
of the model which motivated this research. We are gratefubtJ Abell (University of
Birmingham) for growing the TbAl single crystals. The financial support of the Spanish
DGICYT under grants PB91/0936 and PB93/0584, and of the EU under grants CHRX-
CT93/0352 and BE3039/89, is gratefully acknowledged.

References

[1] Zener C 1954Phys. RevB 96 1335
Akulov N 1936Z. Phys.100 197
Callen E and Calle H B 1963Phys. Rev129578
[2] Callen E and Calle H B 1965Phys. Rev139 A455
[3] Callen E 1982J. Appl. Phys53 8139
[4] Callen H B and Shtrikman S 196Solid State Commurg 5
[5] For transition metal amorphous alloys see e.g. de Lacheisg&erm 1993Magnetostriction—Theory and
Applications of MagnetoelasticifBoca Raton, FL: Chemical Rubber Company); for rare earth based ones
see e.g. del Moral A, Ibarra M R, Algardbe A and Arnauda J | 1991Physics of Magnetic Materials
ed W Gorzkowski, M GutowskiH K Lachowicz and H Szymczak (Singapore: World Scientific), p 204
del Moral A 1993Magnetoelastic Effects and Applicatioad L Lanotte (Amsterdam: Kluwer) p 1
[6] Cullen J R and del Moral A 1990. Magn. Magn. Mater83 157
[7] Purwins H G, Walker E, Barbara B and RossigiwF 1973 Phys. Lett45A 427
Abell J S, del Moral A, Ibaa M R and Lee E W 1983. Phys. C: Solid State Phy$6 769
[8] del Moral A, Arnaudas J I, de la Fuente C, Ciria M, Joven E and GghfirM 1994J. Appl. Phys76 6180
Joven E, del Moral A and Arnaudal | 1991J. Appl. Phys69 5069 and references therein
[9] Harris R, Plischke M and ZuckermarM J 1973Phys. Rev. Lett31 160
[10] Gehring P M, Salamon M B, del Moral A and Arnawda | 1990Phys. RevB 41 9134
[11] del Moral A and Cullen J 1993. Magn. Magn. Mater139 39
[12] Chudnovky E M, Sasle W M and Serca R A 1986Phys. RevB 33 251
[13] Pelcovits R A, Pytte E and Rudnick J 19P8ys. Rev. Let40 476
[14] Buschav K H J 1979Rep. Prog. Phys42 1373
[15] Chikazumi S 1964hysics of MagnetisrtNew York: Wiley) p 251



