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adsorb in a regular array and which will show
atomic diffraction that can potentially be ana-
lyzed for definitive structure determination.

This should be applicable for insulator and semi-
conductor surfaces in addition to metal surfaces,
and the difficulty of surface charging which is
present with electron diffraction is obviated with
diffraction of neutrals. As an example, when H,
adsorbs atomically in a (1 X1) array on the tung-
sten carbide surface, the zero-, first-, and sec-
ond-order diffraction peaks, though somewhat at-
tenuated, can still be resolved. Such experiments
designed to explore the range of adsorbates which
exhibit He diffraction are continuing in this labor-
atory.

A more complete presentation of the diffraction
of He and D, from the R(3 X 5) tungsten carbide,
as well as Ne and Ar scattering from that sur-
face, and He and D, scattering from a (1 X1) tung-
sten carbide surface will be presented in a future
publication.
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Experimental Verification of First-Order Rotational Effects in the Magnetoelastic
Properties of an Antiferromagnet™®

R. L. Melcher
IBM Watson Reseavch Centev, Yovktown Heights, New York 10598
(Received 27 August 1970)

The experimental magnetoelastic properties of antiferromagnetic MnF, are found in
certain specific instances to be completely inconsistent with the usual small-strain mag-
netoelastic theory. Rigorous application of finite-deformation magnetoelastic theory in-
cluding the effect of the rotational component of the shear deformation leads to results
which are in excellent agreement with experiment.

The purpose of this paper is to provide experi-
mental verification of finite-deformation magneto-
elastic theory when applied to an antiferromag-
netic, elastic medium. It will be shown that the
neglect of the rotational component of an elastic
shear deformation by the usual small-strain mag-

netoelastic theory”? leads to first-order results
both qualitatively and quantitatively inconsistent
with experiment. This is the first experimental
demonstration of the validity of finite-deforma-
tion theory for an antiferromagnet. Eastman® has
shown that magnetoelastic effects in yttrium iron
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garnet (YIG) are properly accounted for only
through the use of finite-deformation theory. In
the present case of the nominally uniaxial anti-
ferromagnet MnF,, the significant difference be-
tween the small-strain and the finite-deforma-
tion theories arises from terms in the local in-
ternal energy properly ignored by Eastman in his
treatment of YIG but dominant in the magneto-
elastic behavior of MnF,. Finally, it is suggest-
ed that finite-deformation theory provides an ex-
planation for the anomalous behavior reported by
Shapira and Zak for the attenuation of the elastic
mode corresponding to the elastic constant ¢,
near the spin-flop transition in MnF,.*

The conventional small-strain theory?2 as-

|

>

U=-\pth, + My—3

K 2 2
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where p is the mass density and » 2 =, m,
=M,*m,. Only those terms of the elastic energy
relevant to the present discussion have been in-
cluded and the magnetoelastic coupling term is
correct to first order in the strain ¢;;. Equations
of motion for the elastic and magnetic variables
can be derived from this form of the local inter-
nal energy. Assuming the dc magnetic field to be
applied along the “easy” or [001] axis and solving
the coupled equations of motion for the effective
shear elastic constant c¢*, the following expres-
sion is obtained

20*( H?
Caa®=Cuym K z_g z)- ®3)
¢ —Hy

The spin-flop field H, is given by (2HzH 4)!"
where H;=-\pm and H , =K/pm and this result
is valid only for H,<H, and w <y(#H ,~H,). Be-
cause of the symmetry of the stress tensor de-
rived from Eq. (2) this solution holds for shear
waves propagating along the [001] axis with arbi-
trary polarization or propagating perpendicular
to the [001] axis and polarized along this axis.®
The above small-strain formulation of the prob-
lem has been criticized by several authors™ °
primarily on the basis that fundamental conserva-
tion laws are applied separately to the rigid mag-
netic system and the nonmagnetic elastic system.
In particular, the internal energy U of Egs. (1)
and (2) is not in general rotationally invariant and
therefore the system described by these equa-
tions does not conserve total angular momentum.
The use of finite-deformation theory' and consis-
tent application of conservation laws to the total
magnetomechanical system leads to a local in-
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sumes that the local internal energy per unit
mass U may be separated into three terms:

U=Uy(m;;) +Ugle;) +Uyplm;;,en), (1)
where U, is the energy of the rigid magnetic sys-
tem, Uy corresponds to the nonmagnetic elastic
system, and U, is an interaction energy. Here
m;; is the jth (j=x,y,2) component of the ith (i
=1, 2) sublattice magnetic moment per unit mass
and e;; are the symmetric infinitesimal strain
components.® Considering a uniaxial antiferro-
magnet described by an anisotropy constant K,
exchange constant A, magnetoelastic coupling
constant b, and shear elastic constant c,,, the
function U takes the form

7 @)

ternal energy which satisfies the necessary in-
variance conditions. In the long wavelength lim-
it® this general energy function for an antiferro-
magnet can be constructed with the variables®!

9x; _ox; 9x;

X =
Mip EM iy =
ik ji ’ 3] ’
dag day da,

(4)
where 9x;/8a, is a component of the finite-de-
formation tensor; (x,,x,,%,) is the instantaneous
position of a material particle whose natural po-
sition is given by (a,,a,,a,) and q;=x;~a;.” 1°
Constructing the function U in this manner and
expanding to second order in the small quantities
Myx, Moy, Myy, My, and the displacement gradi-
ents 9¢q;/3a;=0x;/3a,;~5;; leads to the terms giv-
en in Eq. (2) plus the additional terms U’ and
Uys":

1 K
K’ = _'z-p—m—s[(mlx_mz")g“ + (mly_gy)ﬂyz]

K
—;ezzz’ (5)
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where 2;;=9q,;/9a;,-9q,;/9a; is twice the rotation-
al part of the displacement gradient d¢q j/aai =%(e,~ j
+8;;). The antisymmetrical parts of Uy’ and U, ;'
clearly lead to antisymmetric terms in the stress
tensor —terms not included in the small-strain
approximation. Including the effects of U,’ and
Uyz', the solutions to the equations of motion

take the form
2(0-3K?( Hp?
K HZ2-Hp?

% _
Caq” =Cyq—

M



VOLUME 25, NUMBER 17

PHYSICAL REVIEW LETTERS

26 OCTOBER 1970

for shear waves propagating along the [001] axis
and

20 +3K?( HZ2
Cag*=Cyq+4b— Kz ch_cHoz ®8)

for propagation perpendicular to the [001] axis
and polarized along [001].* The difference be-
tween these two expressions is a consequence of
the rotational part of the deformation gradient.
The term on the right-hand side of Eq. (8), linear
in b, derives from U,;’ and is similar in origin
to the terms used by Eastman to show the validi-
ty of finite-deformation theory in YIG.®> The en-
ergy terms Uy’ lead to the appearance of b+ 3K
in the magnetic-field—dependent part of Egs. (7)
and (8) rather than b as is found in the small-
strain result Eq. (3). Terms similar to Uy’ can
be ignored in YIG since in that case K «<b. On
the other hand, in MnF,, K can be expected to be
of the same order of magnitude as b; therefore
comparison of the field-dependent parts of Eq.
(3) with those of Egs. (7) and (8) is a sensitive
and unambiguous test of the relative merit of the
two theories.™®

The results of measurements of the change in
c.,* as a function of the field dependent parame-
ter h=H?/(H 2-H?) for the propagation direc-
tions [001] and [110] in MnF, at 4.2°K are shown
in Fig. 1. While the data for k|[[001] show the
expected linear decrease with % (T{ is the elastic
wave vector), the data for k|[110] are indepen-
dent of & to a precision of 1075 The results
are in qualitative and quantitative disagreement
with small-strain theory.

—
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FIG. 1. The change in the effective elastic constant
cy* for two propagation directions as a function of the
magnetic~field dependent parameter & E1‘:(02/ (H, 2—H(,z);
H, = (2HgH,)'"~93 kOe.

The two sets of results for k||[001] and k[001]
can be compared with finite-deformation theory
as follows:

(b-3K)?/K = (6.5+ 1.3)x 10° erg/cm?, (9a)
(b+3K)?/K =(0+0.16)X10° erg/cm?, (9Db)

where the measured value [0.32 X 10 dyne/cm?]
of ¢, has been used. Assuming that K lies within
the accepted range of (4.6-5.2) X10° erg/cm3,**1°
agreement with both sets of data is found for b
=(-3.0£0.4) X10° erg/cm® Alternately, a value
for b can be deduced independent of the value of
K by subtracting Eq. (9b) from Eq. (9a). This re-
sults in b =(-3.25+0.7) X10° erg/cm® With this
value for b any value of K in the range (4-10)

% 10°® erg/cm?® satisfies both Egs. (9a) and (9b).
These numerical results show that the experi-
mental data are in excellent agreement with fin-
ite-deformation theory. Data taken with k||[100]
(not shown here) are identical to that for k[|/[110];
this is also in accord with the theory.

Figure 2 shows the behavior of ¢ * for the two
propagation directions in the spin-flop region
(H,~H_,~93 kOe). The low-frequency approxima-
tion used in deriving Eqgs. (7) and (8) is no longer
valid and somewhat more general results have
been obtained. These are, however, still char-
acterized by the coupling constants (b + 3K).
Again finite-deformation theory correctly pre-
dicts the experimentally observed asymmetry in
the results for the two propagation directions.
Inclusion of loss mechanisms results in the pre-
diction of an ultrasonic absorption peak for w
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FIG. 2. The change in the effective elastic constant
cy* for two propagation directions as a function of the
magnetic field H; in the neighborhood of the spin-flop
field H, ~93 kOe.
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~y(H .~H ) whose strength is characterized by
(b+ 3K). For w<10° the resonance condition re-
duces effectively tc H,~H . The ultrasonic atten-
uation corresponding to this elastic mode shows
precisely the dependence on the propagation di-
rection expected on the basis of the finite-de-
formation theory.* The experimentally observed
strong dependence of the attenuation on the orien-
tation of the applied magnetic field is a conse-
quence of the strong orientation dependence of
the spin-wave frequencies themselves for w/yH,
<1

In conclusion, finite-deformation magnetoelas-
tic theory is in excellent agreement with the ex-
perimental results presented here and also pro-
vides an alternate explanation independent of the
existence of domains for the data of Shapira and
Zak* near the spin-flop transition. The usual
small-strain theory, on the other hand, does not
even provide a correct qualitative description of
either set of data. This provides conclusive evi-
dence that the rotational component of a shear de-
formation cannot in general be neglected even to
first order when considering elastic phenomena
in gyroscopic media. In particular, whenever
the appropriate anisotropy and magnetoelastic
coupling constants are comparable in magnitude,
significant first-order rotational effects can be
expected.'®

The author is indebted to G. Burns, D. E. East-
man, E., Pytte, and A. W, Smith for criticisms
of the manuscript.

*The experimental part of this paper was performed
while the author was at Cornell University and was
supported by the Advanced Research Projects Agency
through the Materials Science Center at Cornell.
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Effect of Spin-Lattice Coupling on the Critical Resistivity of a Ferromagnet™
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Evidence is presented which demonstrates that the larger part of the anomaly above
T, in the c-axis electrical resistivity of gadolinium arises not from spin-disorder scat-
tering but rather from the anomalous lattice contraction near T,. The portion of the re-
sistance anomaly attributable to spin-disorder scattering is monotonic in temperature
and of the general form specified by the Fisher-Langer model.

Two general types of behavior have been ob-
served for the temperature dependence of the
electrical resistivity p of metallic ferromagnets:
(1) a monotonic temperature dependence of p in
the vicinity of T, with a singularity in dp/dT at
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T., or (2) a nonmonotonic temperature depen-
dence of p with a maximum in the vicinity of T..
Examples of behavior (1) are found in nickel,* 2
iron,® gadolinium (e axis),* and various interme-
tallic compounds (e.g., CdCo,)®; and examples of



