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Magnetically induced variations in phonon frequencies
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The long-standing question of the existence of phonon-magnetism interactions in metals is examined from
first principles. Through density-functional-based linear-response calculations, we show that the phonon fre-
quencies of fcc Ni have an explicit and appreciable dependence on its magnetic moment: the frequencies
increase with the magnetic moment near the Brillouin zone center, whereas the situation becomes reversed near
the zone boundary, and this behavior originates from the combined role of the spin-dependent screening due to

the electrons and the effect of magnetostriction.
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The fundamental physics of metallic magnetism has not
been satisfactorily understood as yet and continues to be a
highly active field of research both theoretically and experi-
mentally. On the theoretical side, recent efforts have been
focused on the correct description of observed quantities
such as Curie temperature and magnon spectra,! while ex-
perimental studies show the large variety and complexity of
materials whose magnetic properties can be investigated with
today’s techniques. Manganites,? ruthenates,? and even high-
T, superconductors* are a few examples. However, all these
studies are mainly focused on the electronic and charge de-
grees of freedom; although an important constituent of sol-
ids, the phononic one has not been seriously taken into ac-
count in magnetism research.

The challenging question as to the possible interaction of
magnetism and phonons in metals, raised in the work of
Kim,>® has been answered relatively recently by several ex-
periments: Raman scattering experiments on the metallic ox-
ide SrRuO; (Ref. 7) revealed an anomalous softening of the
optical phonons and a phonon linewidth that is strongly af-
fected by the ferromagnetic transition near 7~ 150 K. In
addition, Raman scattering on half-metallic CrO, (Ref. 8) in
an external magnetic field showed that the frequency of the
E, phonon mode dramatically increases with increasing mag-
netic field. While the origins of these anomalies were attrib-
uted to the reorganization of the electronic band structure’
and a spin-phonon coupling,® respectively, no quantitative
analysis was made, and the detailed mechanism of the cou-
pling has yet to be understood. In developing his theory, Kim
performed intensive studies on the magnetism-phonon inter-
action using the electron gas model and linear-response
theory. Among the important predictions are>® (i) the phonon
frequencies in ferromagnetic metals show a dependence on
the magnetic moment through spin-dependent electronic
screening, (ii) thus the sound velocity, which is experimen-
tally measured, becomes also magnetically dependent, and
(iii) the magnetization can also be affected by phononic con-
tributions.

In this Brief Report, we present results of a systematic
first-principles study of the phonon dispersions of fcc Ni
with variation of its magnetic moment. To this end, we used
a combined density-functional perturbation theory (DFPT)’
and fixed spin moment (FSM) method.'® Nickel is selected
because it is one of the ferromagnetic elements with a simple
lattice and electronic structure, which alleviates the compu-

1098-0121/2006/73(17)/172405(4)

172405-1

PACS number(s): 75.50.Cc, 63.20.—¢, 71.15.Ap

tational workload in phonon calculations and simplifies the
interpretation of the results obtained. Our first-principles cal-
culations reveal that due to the interplay between the elec-
tronic screening and the magnetostriction, the phonon fre-
quencies of Ni show an appreciable change as its magnetic
moment varies. We expect that these results will serve as a
first step in advancing research and understanding of this
newly reexplored area of magnetism.

All calculations were performed with the highly precise
all-electron full-potential linearized augmented plane wave
(FLAPW) method;!? for the k-point integrations, 408 irre-
ducible k points generated by the Monkhorst-Pack scheme!®
are used with a Gaussian broadening parameter of 0.027 eV.
The muffin-tin (MT) radius and plane-wave cutoff are cho-
sen to be 2.15 a.u. and 13.69 Ry, respectively. The core elec-
trons and valence electrons are treated fully and scalar rela-
tivistically, respectively. The charge density and potential are
represented in terms of lattice harmonics with /,,,,=8 inside
the MT sphere, and the local-density approximation (LDA)'’
is employed for the exchange-correlation potential.'® We first
determine the equilibrium properties from a fit with the Mur-
naghan equation of state, which are shown in Table I. The
results with the generalized gradient approximation (GGA)
are given for comparison purposes. As is usual, LDA under-
estimates the lattice constant (—2.4% in this case) compared
to experiment, whereas the GGA gives a better agreement
with a —0.2% discrepancy. For the spin magnetic moment,
LDA (+3.3%) gives a better agreement with experiment
(which includes a small orbital moment, g,,=0.055uz) than
does the GGA (+6.2%).

To calculate the phonon frequencies, we employed DFPT,
which is implemented with the FLAPW method,'® and as in
the equilibrium calculations all electrons are taken into ac-
count to calculate the full-potential contribution using the

TABLE I. Calculated lattice constant a, bulk modulus B, and
magnetic moment u of fec Ni. The results with GGA!! are given for
comparison.

LDA GGA Expt.
a (a.u.) 6.49 6.64 6.65 (Ref. 12)
B (Mbar) 2.51 2.05 1.90 (Ref. 13)
w (up) 0.63 0.66 0.61 (Ref. 14)
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FIG. 1. (Color online) Calculated phonon dispersions of fcc Ni
along high-symmetry lines both at the LDA lattice constant (black
solid lines) and at the experimental one (red dashed lines). Experi-
mental data (circles)?! are given for comparison.

pseudocharge approach of Weinert.”’ Phonon frequencies are
calculated at eight phonon vectors along each of three high-
symmetry directions, I'—=L, ' =X, and ' = K— X, and the
full dispersions are obtained through interpolation. Conver-
gence of the calculated phonon frequencies with the number
of k points has been carefully checked and 408 k points in
the irreducible Brillouin zone (IBZ) were found to be suffi-
cient.

First, we calculated the phonon dispersions of fcc Ni at its
equilibrium volume, and the results are shown in Fig. 1
along with inelastic neutron scattering data at 7=296 K (Ref.
21) for comparison. The calculations were performed both at
the LDA lattice constant and at the experimental one. As is
clear from the figure, the LDA lattice constant overestimates
the frequency with a maximum difference of 29.24 cm™!
(+10.0%) for the longitudinal mode at the L point, whereas
the use of the experimental lattice constant, which is larger
than the LDA value, significantly corrects the overestima-
tion, giving overall a better agreement with experiment. This
implies that the phonon frequencies of fcc Ni depend rather
sensitively on the lattice constant. We note that the same
frequency overestimation at the LDA lattice constant was
found in other calculations®?> and attributed to the overbind-
ing of the LDA. It should be noted that the effect of tempera-
ture has not been taken into account in comparing with ex-
periment. Since the lattice constant increases with temp-
erature due to an anharmonic effect, a better agreement with
experiment is expected if an increase in the lattice constant
due to the temperature effect is properly taken into account.?

Now, in order to investigate the effect of magnetism on
the phonon frequencies, we calculated the phonon disper-
sions at three other magnetic moments, w=0.0, 0.3, and
1.0up, using the FSM method. For each magnetic moment,
the new equilibrium lattice constant is found through total
energy calculations, and the results are listed in Table II, in
which the last column, A=[a(u)-a(uey)]/a(pmy) with
Mopi=0.63up, represents the relative difference in the lattice
constants. As one can see from Table II, the lattice constant
increases slightly with the magnetic moment, which is inter-
preted as a high-field magnetostriction resulting from an in-
crease of the spontaneous magnetization.?* Note that due to
this increase, the phonon frequencies would be expected to
decrease as the magnetic moment increases. The phonon dis-

persions, which were calculated at each equilibrium lattice
constant for different magnetic moments with the magnetic
moment fixed at the desired value (referred to as case 1), are
presented in Fig. 2.

As is clear from the figure, an appreciable change occurs
in the dispersions as the magnetic moment varies. In order to
examine the changes in the frequencies in more detail, we
calculated the frequency differences, Av=wv(u)— (o),
where v is the phonon frequency, and plotted the result along
I'-=K—X in Figs. 3(a)-3(c). The first thing to note from
Fig. 3 is that [Av|=<15 cm™! in all cases [including ' —L
and I' — X (Ref. 24)] except for the lower transverse mode of
the spin-unpolarized case, for which [A»|~23 cm™! around
(a/2m)q~(0,0.35,0.35) [Fig. 3(a)]. The calculated changes
here can be compared with the observed changes in the
above-mentioned experiments on SrRuO; and CrO,, in
which the frequency changes were found to be less than
10 cm™' as the sample magnetization changes.”® Thus, the
frequency changes calculated in the present work imply that
the magnetic effect on the frequencies is not small for fcc
Ni—unlike the conclusion of other work,?? in which com-
parison was made between spin-polarized and unpolarized
cases only.

Another characteristic from Fig. 3 is that the frequencies
with smaller magnetic moments than u, are smaller than
V(Mop) Up to a certain q vector, and become larger than
V(o) afterwards; the frequency for the magnetic moment
larger than u,y is larger than v(u,,) up to some q vector,
and becomes smaller than v(u,y) after that. Also, the fre-
quency difference between w=0.0 and 0.3up is smaller than
other cases due to the closeness in their lattice constants, and
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FIG. 2. (Color online) Phonon dispersions at u=0.0 (blue
dashed), 0.3 (red dotted), 0.63 (black solid) and 1.0up (green dot-
dashed) at each equilibrium lattice constant for different magnetic
moments.
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FIG. 3. (Color online) Av at the optimized lattice constant for
each magnetic moment in the (a) lower transverse, (b) upper trans-
verse, and (c) longitudinal mode along I'— K— X, and (d) the cor-

responding x,(q).

it becomes further reduced (<2 cm™) as the zone boundary
is approached. We note that this characteristic is common in
all directions;** the origin of the anomalous dip for u
=0.0up near the X point in the longitudinal mode is unclear.
To understand the origin of the calculated p dependence
of the frequencies, we calculated the phonon dispersions and
frequency differences, A, at the optimized LDA lattice con-
stant a(gtoy)=6.492 a.u., which is larger than a(u) for u
=0.0 and 0.3up and smaller than that for u=1.0up, for all
magnetic moments considered (referred to as case II). The
Av’s are given in Figs. 4(a)-4(c) along I' = K—X.
Comparison of Fig. 3 with Fig. 4 shows that for ©=0.0
and 0.3 up, the frequency difference in case II remains almost
the same as that of case I near the center and in the middle of
the zone; the frequencies for these magnetic moments in case
IT are slightly less than those in case I with the maximum
difference of 3 cm™'. Similarly, the frequencies for u
=1.0up in case II change very little compared to those of
case I except for the longitudinal case for which the maxi-
mum increase of 3 cm™!' occurs around (a/2m)q~ (0,0.44,
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FIG. 4. (Color online) Av at the fixed lattice constant for all
magnetic moments in the (a) lower transverse, (b) upper transverse,
and (c) longitudinal mode along I'— K — X, and (d) the correspond-

ing x,(q).
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FIG. 5. (Color online) Density of states of fcc Ni for (a) spin-up
and (b) spin-down.

0.44). Near the zone boundary, however, the frequencies for
1=0.0 and 0.3 in case I are larger by up to 11 cm™' than
those in case II, and the frequencies for u=1.0up in case I
are smaller than those in case II by up to 3.7 cm™.

This comparison shows that although the magnetostriction
in Table II has the anticipated effect near the zone boundary,
the smaller frequencies for the larger lattice constants, the
frequency behavior is exactly opposite to the above expecta-
tion near the zone center. This behavior can be understood
from the magnetic dependence of the electronic screening,
which is determined by the electronic structure of Ni.

In his work, Kim proposed the fully screened phonon fre-
quency in a metal as’

@*(q) = Q*(q) - |2(q)]x,.(q, 0(q)), (1)

where (q) is the bare phonon frequency, w(q) the fre-
quency fully screened by the conduction electrons, g(q) the
electron-phonon matrix element,” and X,.(q,0(q)) repre-
sents the electron polarizability, which describes the elec-
tronic screening. Here, we first note that since the electrons
respond to the nuclear motion instantaneously due to the
large mass ratio (the so-called “adiabatic approximation”),
X,.(q,o(q)) can be approximated as x,(q). Extending the
results from the random phase approximation (RPA),”° we
obtain for the spin-polarized cases

o mk+q,nk
m Emk+q ~ Enk

Xu(@) = ‘1/22 lz’w o

o kn
+ 2”5(SZ - 8Zk)MZIk+q,nk:| ’ (2)

where My, o =K tmigle ™ 1gml, V is a crystal volume,
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ey is the Fermi energy for a spin o, and f(e),) and ¢, are
the occupation function (1 for e, <&y and 0 otherwise at
T=0) and Kohn-Sham orbital of the nk state with a spin o
and Kohn-Sham eigenvalue &2, respectively. In X/, the
bands with &, =¢, are excluded, and 2] represents the
sum over the bands with &7, . =ej only. In Eq. (2), local
field effects and higher-order correction terms are neglected.

The calculated y,(q) using Eq. (2) along I' = K—X for
the various magnetic moments at the u-optimized and the
fixed lattice constants are shown in Fig. 3(d) and Fig. 4(d),
respectively. As is clear from these figures, while the electron
polarizability does not change with the lattice constant very
much, it shows a large dependence on the magnetization:
X.(q) is greatly suppressed up to by a factor of 3.5 as u
increases near the zone center, and the difference in x,(q)
among the different w’s becomes very small as the zone
boundary is approached. The suppression of x,(q) as u in-
creases can be understood from the density of states (DOS)
of Ni, which are presented in Fig. 5 for spin-up and spin-
down separately. As one can see from Fig. 5(a), almost all
states for spin-up are rapidly occupied as w increases. Due to
this almost-full occupation for ©=0.63 and 1.0up, the func-
tion to be summed in the first term of Eq. (2) becomes very
small for spin-up and so does the spin-up component x;(q).
For spin-down, however, the situation is different [Fig. 5(b)]:
as u increases, the Fermi level goes down but the shift in the
Fermi level is not as significant as in the spin-up case. As a
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result, there still remain appreciable portions of the unoccu-
pied states, which are relatively close to each other for dif-
ferent magnetic moments, and thus x| (q) does not change as
much as does x;(q). We note that the frequency change in Ni
can be observed by a similar experiment as that in Ref. 27
because Ni is known as an itinerant (Stoner) ferromagnet.”’

Another system of interest which may show a large cou-
pling between phonons and magnetism is Invar alloys such
as Fe-Ni:?® As the volume of an Invar remains almost con-
stant below T, the frequency variation is expected to come
only from the change in the electronic screening for which
the magnetic effect on phonon frequencies is large when the
Fermi level of one spin channel shifts more rapidly than does
that of the other spin. Since this is expected to occur for an
Fe-Ni alloy,?® the phonon frequency may show a large mag-
netic effect in these materials. We also note that just as the
magnetization affects the phonon frequency, the magnetiza-
tion can be affected by phononic contributions as derived by
Kim,® which implies that the phonons and magnetization
need to be determined in a self-consistent way. Thus, the
present work is expected to stimulate more investigations in
these directions as well.
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