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The antiferromagnetically (AFM) ordered state of GdRh,Si, which consists of AFM-stacked ferromagnetic
layers is investigated by magnetic resonance spectroscopy. The almost isotropic Gd** paramagnetic resonance
becomes anisotropic in the AFM ordered region below 107 K. The emerging internal anisotropic exchange fields
are still small enough to allow an investigation of their magnetization dynamics using a standard microwave-
frequency magnetic resonance technique. We could characterize this anisotropy of the excitation at 9 and 34 GHz
and found that the material can serve as an interesting illustration of what happens with the dynamics of the
order parameter as the anisotropy restrictions become very soft. We have worked out in detail how the magnetic
resonance shifts due to a characteristic property of the system, namely, the retardation of the magnetization when
the sample is rotated in an external field. To describe the weak in-plane anisotropic behavior, we derived an AFM

resonance condition in closed analytical formulas.
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I. INTRODUCTION

GdRh,Si, belongs to the silicides with tetragonal ThCr,Si,
structure which show exceptional magnetic properties, e.g., the
antiferromagnetic Kondo systems YbRh;Si, [1] and CeRh;Si,
[2]; HoRh,Si,, which exhibits so-called component-separated
magnetic transitions [3] and a temperature-tunable surface
magnetism [4]; and SmRh; Si;, showing unusual valence states
of the Sm ions at the surface and in the bulk [5]. GdRh,Si,
possesses antiferromagnetic (AFM) order of well-localized
magnetic moments appearing below Ty = 107 K [6], which
is characterized by an AFM propagation vector (001) and a
stacking of ferromagnetic layers [6,7]. In spite of the pure
spin ground state of Gd** a weak in-plane anisotropy occurs
which s indicated by the magnetization behavior of the ordered
moments being aligned in the basal plane. A mean-field model
could describe the magnetization data with the assumption that
the ordered magnetic moments are aligned parallel to the [110]
direction [8].

Recent angle-resolved photoelectron spectroscopy revealed
two-dimensional electron states at the Si-terminated surface
of GdRh,Si; and their interplay with the Gd magnetism.
These surface states exhibit itinerant magnetism, and their spin
splitting arises from the strong exchange interaction with the
ordered Gd 4 f moments [9].

Magnetic resonance techniques are widely used to study the
dynamic properties of magnetic ordering [10]. With GdRh;Si,
we study a prototypical material which not only exhibits a
simple magnetic structure but also allows for the investigation
of the magnetically ordered regime with conventional mag-
netic resonance techniques at low fields and frequencies. We
could estimate the temperature dependence of the anisotropy
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fields from the data by applying a standard condition for the
resonance modes in the ferromagnetic sublattices (Sec. III B).
However, for the resonance anisotropies observed in GdRh, Si;
common AFM resonance theories [10,11] turned out not to
be applicable because, for instance, the in-plane (a-a plane)
anisotropy shows torque effects; that is, the magnetization
follows the external field in a retarded way. We refrained from
applying the recently reported simulation tool for the com-
plicated case of noncollinear antiferromagnets [12]. Instead,
we utilized a mean-field model [8] for the AFM ordering
to describe the angular dependence of the resonance field
(Sec. IITC).

GdRh;Si, is best suited to studying the weak a-a plane
anisotropy because no hysteresis occurs in the magnetization.
This case is rarely reported [13], and to the best of our
knowledge, no detailed experimental study of torque effects
on the magnetization has been done.

II. EXPERIMENT

High-quality single-crystalline GdRh,Si, was used in this
study, the growth and characterization of which is described in
Ref. [6]. We investigated the paramagnetic resonance (above
Ty) and the magnetic resonance of the ordered moments (be-
low Ty ) by using a continuous-wave electron spin resonance
(ESR) spectrometer together with helium- and nitrogen-flow
cryostats allowing for temperatures between 5 and 300 K. Two
frequencies, w/2mr = 9.40 GHz (X band) and w /27 = 34.07
GHz (Q band), were utilized to evaluate the resonance field
condition, which in the paramagnetic region simply reads
w/y = His, Where y = gup/h is the gyromagnetic ratio and
g is the spectroscopic splitting factor.

In general, an ESR spectrometer allows us to measure the
absorbed power P of a transversal magnetic microwave field
as a function of a static and external magnetic field uoH. A
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lock-in technique improves the signal-to-noise ratio by a field
modulation which then yields the derivative of the resonance
signal d P /d H as the measured quantity. The resulting spectra
were fitted with a Lorentzian function including the influence
of the counterrotating component of the linearly polarized
microwave field [14]. From the fit we obtained the resonance
field H,es and the linewidth A H (half width at half maximum).

III. RESULTS AND DISCUSSION
A. Paramagnetic regime

For the paramagnetic regime, i.e., for T > Ty = 107 K, the
ESR spectra and their temperature dependence was discussed
in a recent paper [15]. The spectra display a behavior typically
expected for well-defined local moments in a metallic environ-
ment with a temperature dependence expected for anisotropic
exchange-coupled paramagnets [16—18]. For temperatures
near magnetic ordering the critical linewidth divergence could
be described by a slowing down of in-plane ferromagnetic
fluctuations within a model for a three-dimensional Heisenberg
ferromagnet [19].

B. Ordered regime: Temperature dependence

GdRh,Si, is a layered antiferromagnet below Ty = 107 K.
The Gd 4 f moments are ferromagnetically ordered within the
basal plane (with alignment parallel to the [110] direction),
while they stack in antiferromagnetic order along the [001]-
direction [8].

Figure 1 shows selected spectra for the in-plane direction
H||100. Upon cooling below Ty = 107 K the paramagnetic
resonance develops into a resonance mode of the AFM ordered
system. For temperatures below ~65 K the spectra consist of
more than two lines. The spectral structure indicated by open
circles appears near the fields of the spin-flop transition (from
magnetization data [6,8], indicated by stars). By sweeping
across the spin-flop field the internal field rapidly changes,
and during this change it also matches the resonance condition
[Eg. (2)], which then leads to the observed structure.

In anarrow temperature region between 55 and 65 K another
mode in the H||100 spectra is observed, as indicated by the
open squares. We suspect that this mode is part of one of the
observed resonance branches.

The spectral structures could be well described by
Lorentzian line shapes, which results in the resonance fields
and linewidths shown in Fig. 2. For the external field along
the easy direction [110], the X-band spectra disappear at
temperatures below ~60 K, whereas the Q-band spectra are
well defined down to the lowest temperatures. This means
that with decreasing temperature an increasing anisotropy field
corresponds to an increasing excitation gap, which below
~60K is in between the X- and Q-band frequencies. With
increasing the temperature towards Ty the anisotropy of the
line parameters decreases because the anisotropy field becomes
smaller.

The in-plane anisotropy field Hu; can be estimated from
the resonance field as follows. The conditions [10] of a
ferromagnetic (FM) resonance for a sample with cubic crystal
structure may be used for an approach to describe the resonance
fields for the ferromagnetic planes in GdRh,Si,. For our case
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FIG. 1. X-band (9.4 GHz) magnetic resonance spectra at various
temperatures, mostly in the magnetically ordered region (Ty =
107 K), for the external field along the particular in-plane direction
[100]. Open squares and circles indicate the resonance fields of
additional lines at fields below the main line; see also corresponding
symbols in Fig. 2. Stars indicate the spin-flop field as determined from
magnetization data [6,8].

with the tetragonal in-plane anisotropy the symmetries are
the same as those for the cubic case. With this, we get the
resonance conditions which we apply to both FM sublattices
in the material: for the easy direction (110),

CU/J/ = Hres +2HA1; (1)
for the hard direction (100),

1 172
a)/y = |:(Hres - 2I'IAI)(I'Ires + Hp1 + EHA2>] . (2)

Here, Haj a2 = K 2/M are anisotropy fields, with K , being
first- and second-order anisotropy constants. From Eqgs. (1) and
(2) we calculated Hpj, neglecting Hya,: for the easy direction
(110),

Hai = 5(0/y — Hies); 3)
for the hard direction (100),

Hui = —Hie/4 4+ S HE — Lo/y). (@)

Figure 3 shows the results of Egs. (3) and (4) using the
experimental temperature-dependent H.s. For both in-plane
directions the temperature dependencies of the anisotropy
fields Ha; are similar and thus provide a reasonable esti-
mate of the value for H,;. However, they show different
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FIG. 2. Temperature dependence of resonance field H,s and
linewidth AH for the external field along two different in-plane
directions and two microwave frequencies as indicated. Solid lines
guide the eyes. Open squares and circles indicate H, of additional
lines, as shown in Fig. 1.

characteristics; the X-band data even seem to cross. This
indicates that the basic approach of just using the resonance
condition of a FM sublattice as described above is not sufficient
to describe our data.

The anisotropy field Ha has to be distinguished from the
internal exchange fields which lead to magnetic order. The
antiferromagnetic order corresponds to an internal, in-plane
exchange field parallel to the [001] direction which is much too
large for an AFM resonance mode to be observed at gigahertz
frequencies. For B||001, according to Eq. (A2) in Appendix A,

GdRh,Si, Hlc
4 GH
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FIG. 3. Calculated temperature dependence of the anisotropy
field according Egs. (3) and (4) for the data at 9.4 and 34 GHz.

the internal field is

. 3kg T
Bimerior,A,B = M_zTN\/Ms%n(l - T_> - (XLBZ)2~ 5)

eff N

Without an external field one obtains for 7 — 0, Mg, = 7up,
Mett = 8.28up, Ty = 107K, By rior.a s = 48.8 T. Hence, in
order to observe an antiferromagnetic resonance a resonance
frequency of v = gup/hBjeiorap = 1.37 THz (g =2) is
required. This may be hard to verify because terahertz (THz)
spectroscopy requires samples with a good transmission for
THz radiation, which is not the case for GdRh,Si,.
The z component of the internal field is solely determined
by the external field B, as
k
Biznterior,A,B = 3_23®le81’ (6)
eff
againusing Eq. (A2). One gets with x; (T = 78 K) = 0.1ug/T
and Oy = 8K
B?

interior,A,B

/B. = 0.052. ™

This means that if an external field is applied along the c axis,
only ~5% (at T = 78 K) is internally available as an effective
field for the magnetic resonance. For example, using B, = 6T
from an estimated value poH! = 6T of the out-of-plane
uniaxial resonance field (Fig. 4, top left frame), one gets
B ierior.a. = 0.31T. This value is close to the value for the
X-band resonance field of Gd** in the paramagnetic state [15]

and also close to the resonance field along the direction [110].

C. Ordered regime: Anisotropy at 78 K

We investigated the anisotropy of the X-band data at T =
78 K, where the linewidth for the [110] direction shows a
minimum (see Fig. 2). The anisotropy of the resonance field
and linewidth shown in Fig. 4 is considerably stronger for
tilting the external field out of the tetragonal plane (angle ©,
left frame) than rotating it within the plane (angle 9, right
frame). Interestingly, the out-of-plane anisotropy can be nicely
described by a uniaxial behavior (solid lines, left frame), just
like a paramagnetic resonance with a uniaxial crystalline field
anisotropy (Eq. (1.49a) in Ref. [20]) where the internal field is
always aligned along the external field. Also, the above internal
exchange-field estimation, Eq. (7), shows that the value of the
resonance field corresponds to a typical g value of Gd**, as
observed in the paramagnetic regime [15].

The in-plane anisotropy as shown in the top right frame of
Fig. 4 presents a 90° periodicity of both resonance field and
linewidth, which reflects the fourfold symmetry in the tetrago-
nal basal plane. The open symbols show the out-of-plane data
of the left frame. Obviously, the angular dependencies of both
in-plane and out-of-plane data sets are very similar near the
easy direction of magnetization, [110]. Such a behavior is not
astonishing and can be explained as follows: Magnetization
measurements at 7 = 78 K on single crystals yield a spin-flop
field By ~ 250 mT for a field parallel to the [100] direction
and a domain-flip field By ~ 160 mT for a field parallel to
the [110] direction [8]. This implies that for fields of the
order of the resonance field, applied along a main symmetry
direction, the moments of both magnetic sublattices are in good
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FIG. 4. Angle dependence of X-band resonance field H.s and
linewidth AH; [110] is the easy direction of magnetization. The
external field is oriented by angles ® and ¥ respective of the indicated
crystalline directions. Top left: Out-of-plane anisotropy. Solid lines
indicate uniaxial behavior with poH! = 6 T, uoHL = 0.29T and
woAH" =4T, uyAH+ =0.03T. Top right: In-plane anisotropy
with external field H in the basal plane (001) (¢ L H) at varying di-
rections. Open squares indicate the data of the left frame. Bottom: Red
and green lines indicate & = (yp/yy)® with& — 0 [best fit according
to Appendix B, En. (B9)] and § = —1 (according to Appendix C). The
blue line depicts the expected behavior for a uniaxial antiferromagnet
with basal plane anisotropy [11] and instantaneous alignment of the
magnetization with the external field.

approximation, aligned perpendicular to that field (Figs. 3and 5
in Ref. [8]). The magnetic moments can therefore be described
as one large domain that extends over the whole single crystal.
Upon rotating the field in the basal plane away from a main
symmetry direction, the magnetizations of the two sublattices
are not equivalent anymore, and a sine-like modulation of the
resonance field occurs.

(110)

FIG. 5. The choice of the coordinate system.

The in-plane behaviour deviates from a simple sine-shaped
curve which is given in the textbook (Ref. [11], Eq. (4.41))
for a tetragonal crystal. The observed deviation is caused
by torque effects since the magnetization does not follow
the rotating field instantaneously but is retarded. This effect
can be studied well in GdRh,Si, since no hysteresis in the
magnetization interferes with it. In AFM materials hysteresis
effects may be due to the switching of magnetic domains or
metamagnetic transitions and would result in an asymmetric
angular dependence of the resonance field. Such an asymmetry
is not observed in GdRh,Si5.

To model the in-plane behavior and to describe the
anisotropy in the FM sublattices the solutions given by the
standard theory for an AFM resonance [10] are not suffi-
cient. We are not aware of any published approach which
would be applicable to GdRh,Si,. Therefore, we derived an
antiferromagnetic resonance condition for this anisotropy as
described in Appendix B. The mean-field model that describes
the magnetization of the system [8] together with the resonance
condition (B2) predicts the sine-like modulation with excellent
quantitative consistency, as demonstrated by the red solid line
in the bottom frame of Fig. 4 which depicts the best fit with
& =0 of Eq. (BY). The situation can also be described by
including the dynamics of the system, which is demonstrated
in Appendix C. This yields the green solid line with§ = —1 for
the precession of the order parameter on an exact circle around
its equilibrium direction. For an elliptic precession we expect
a different value, such as & = 0, which fits the data slightly
better. Due to a lack of magnetization data, we are not able to
determine the restoring force in the basal plane acting on the
order parameter which would be necessary to determine the
eccentricity of its elliptic orbit.

The mean-field model [8] shows that the values of Bp and
By (see Appendix B, Fig. 5 ) are different for different AFM
domains. When approaching the [110] direction, the energy
difference between the domains decreases, and according to
the domain distribution estimated by the Ising chain model
[8], the domains coexist. On the other hand, by approaching
the [100] direction, the predicted values of Bp and B, become
almost equal, such that the magnetic resonance frequency
of both domains becomes similar, too. The structure in the
angle dependence of the linewidth around ¥ = 45°,135° may
therefore be due to a superposition and exchange narrowing of
anisotropic resonance signals arising from different domains.
A similar behavior was suggested for CdCr,Sy, in which four
resonance fields are combined via exchange narrowing into
one line [21].

IV. SUMMARY

GdRh,Si; is an exemplary tetragonal system for easy-plane
magnetic order with a weak in-plane magnetic anisotropy.
We investigated the temperature dependence of the resonance
field of two in-plane directions as well as the in-plane and
out of-plane anisotropies. We found that standard textbook
approaches cannot describe the data satisfactorily. Our pre-
sented modeling is restricted to the a-a plane and is suffi-
cient to explain one of the two resonance modes. In order
to completely describe the magnetization dynamics detailed
knowledge about not only the weak in-plane anisotropy [8]
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but also the strength of the out-of-plane forces is necessary.
We have worked out in detail how the magnetic resonance
shifts due to a characteristic property of the system, namely,
the retardation of the magnetization when the sample is rotated
in an external field. We gave a complete description of this
particular effect using closed analytical formulas. This torque
effect is not clearly worked out in the literature and can
nicely be observed in GdRh;Si, because pure single crystals
were available and because of the absence of hysteresis in
the magnetization. Our investigations of the weak in-plane
anisotropy can serve as an interesting illustration of what
happens with the dynamics of the order parameter as the
anisotropy restrictions become very soft.
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APPENDIX A: INTERNAL EXCHANGE FIELD
IN THE AFM PHASE

In Ref. [8] a free-energy-based model to describe the AFM
phase of GdRh,Si, was introduced. The free energy is

F=-TS—1My+Mp): B+ pMs,Mp)
= —TS — 5 (M +Mp) - B+ Epyi + Earv + Fan,

with the contribution within a plane

3k 1
Epv = —TB(@w+TN)§(Mi+M%)
Metr

and between planes

3kp 1

Exp = —— Oy — Ty) 1 (My - Mp).
Heft

The anisotropic part F,, will be neglected for the discussion

of the ¢ direction. We consider the field that is produced by a

ferromagnetic plane B and acts on an ion of the sublattice A,

1 3kp 1
F=—-My - B——=0Oy —Ty)—(My -Mg)+---
2 et 4
Zeeman Term between layers
1 3k 1
- ——MA[B+—28(®W—TN)—MB):| +ee
2 etr 2

Binterior. B

In the following, we determine the magnetization Mg of one
ferromagnetic layer. We have

M?>+D?>=D?, Dy=M /1—1
- 0 0 — sat )
Ty

with Mg, = 7 up. For the field along the ¢ direction we have
M L D, and in particular

M(B) = x1B:.

This results in

MA = (D’OaM) = (V Dg - (XLBZ)zvo’XLBZ)a

M; = (—D,0,M).
Therefore, we have
M = 1(M, + Mp) = (0,0, M),
D = (M, — Mjp) = (D,0,0).

For the choice of the coordinate system see Fig. 8 in Ref. [8].
The field that acts on an ion of sublattice A, which is created
by sublattices A and B, reads

Bimerior,A,B(TsBz) (Al)
=-2 E E
M, [Erm + Earm]

3kp | .
= 5 [Ow 1 (M4 +Mp) + Ty L My — Mp)]

H’eff

3kp [ ©® T

Mg L 2 2

s (T8 VMG =T/ Ty) = (x1 B
== 0 (A2)

Hetr Ow x1B;

The values of Oy = 8K, Ty = 107K, e = 8.28uup, and
x1 = 0.149up /T have been determined by magnetic measure-
ments [6,8].

APPENDIX B: IN-PLANE ANISOTROPY

This appendix derives a fit formula using a general ansatz
without knowledge of the dynamics. In the following, we
consider the behavior of one domain. We use the mean-field
model developed in Ref. [8] to predict the ESR resonance
field for an external field B applied perpendicular to the
crystallographic [001] direction. The free energy

B? B?
F(p) = Fo(Do) — T(XJ_ + X1 — T(XJ_ —Xu
B2 .
+?Sf (X1 — x)) sin’2¢,
with 4 = —cos(29 — 2¢), where By, x,, and x are temper-
ature dependent, Eq. (6) [8], and the magnetization

M=}B=x1(1-ep®ep)B+x1epRQepB,

Eq. (4) [8], serve as the starting point. See Fig. 5 for the choice
of the coordinate system. For our purpose it is sufficient to
ignore x). The ESR interaction is so fast that we do not expect
an isothermic relaxation. Here, only x, is relevant since this
keeps the entropy unchanged. Therefore, the magnetization
becomes

M = x| Byey,
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with By, = B - ey, for B aligned perpendicular to the [001]
direction. The free energy

B2 B2
F(g) = Fy = x1 - [1=cos2¥ = 2¢) 1+ x1 ?“ sin® 2¢

can be minimized with respect to ¢

9 B> . B% .
— F(p) = x1 — sin(2¥ — 2¢) + x1 — cos2¢ sin2¢
¢ 2 4

= 0.

With Bp = B cos(¥ — ¢)and By; = —B sin(¥ — ¢) the min-
imum condition reads

—Bp By + 1 B sin 4¢ =0. (B1)

The decomposition of B = Be (Fig. 5) into Bp and By, is
done with respect to one AFM domain which consists of two
FM sublattices. In the paramagnetic regime, the ESR frequency
o can be decomposed in the following way: The square of w
is the sum of three parts that arise from the three components
of the external field. This reads

2 _ 2 2 2
w —a)x+a)y+a)z,

with

wy,=yB;,, wy=yB,, w,=yB8B,.

We deduce a similar ansatz to describe the ESR frequency in the
ordered regime. In particular, we describe the ESR behavior
of one certain domain. First of all, we introduce wgeq and
take into account that the external magnetic field decomposes
into a parallel component By and orthogonal component B,
with respect to the ordering parameter D. Furthermore, we
account for the anisotropy in the system by utilizing w,piso =
Waniso(¢), Which is a function of the order parameter ¢. These
considerations lead to the ansatz

2 2 2

W = Wypigo + wﬁeld(B)'

An arbitrary analytic function that respects the symmetry of
one domain has the form

¢(B) = ¢o + cp B} + cm By,
and we can write
wﬁeld(B) = Vg Bzz) + V/t24 B/%r

For symmetry reasons, there is a 7w /2 periodicity upon rotations
in the basal plane of the tetragonal lattice, such that

2

2 2
@iniso = wO,an + wl,an cos 490’

where we take the constant and the first nonvanishing term of
the Fourier series into account. Summation yields

2

W = @] 4 + @} cos 4o +yj BY + vy By (B2)

for the resonance frequency. To introduce the amplitudes into
the fit formula, we use the [100] direction, where the resonance
field has its maximum B, and the [110] direction, where
the resonance field has its minimum B.;,. We choose the
coordinate system such that ¢ is the angle between the [110]
direction and the ordering vector D. In both cases, the external

field is parallel to a main symmetry axis, such that B = By,.
This leads to

2 2 2 2 p2 2 p2
W = Wyan — P an + YD BD + Ym Bmax’
2 2 2 2 p2 2 p2
0" = W gy + O + V5 Bp + Vi Bhin-
From these two equations we determine
2 2 2 1(p2 2
W — wO,an =Yu E(Bmax + Bmin)’
2 2 1(p2 2
WOl an = VME(Bmax - Bmin)'
With Eq. (B2) we get
1(p2 2 1(p2 2
5(Brax + Biin) — 5(Box — B

max min max min

)cos4¢)=f;‘B§)+Bz,
(B3)

with the parameter £ = (yp/y)” to be determined by fitting.

To parametrize the plot in ¢, which is the angle between the x

axis ([110] direction) and the direction of the ordering vector
D, we rewrite Eqgs. (B1) and (B3) and get

By +& B = Ay, (B4)
By Bp = Aj, (BS)

with
Ay = 3(Blo + Brin) — 3(Brax — Biin) cos 4p  (B6)

and

Ay = % Bszf sin 4¢.

(B7)

To solve these equations we multiply Eq. (B4) by B,zw and get
a quadratic equation,

By, +&A3=A, B

From the two solutions we use the larger one,

A A?
B@=71+,/T‘—5A2,

such that |Bp| < |By| is fulfilled. Now we compute the
component of the external field that is parallel to D:

A 1)aA A

BZ__Z_ . .1 AZ
D 3121/1 %-2

This yields the square of the external field for the resonance

condition:

B = B;, + Bj,

res

(L Vo1 e Zgen
_(2+2$)A1+<2 25) A2 _4& A2 (BS)

Since we have
By = Bres cos(9 — @), Bp = Byes sin(d — @),
we get
Ay = By Bp = 1 BZ sin(29 — 2¢).

With this we get a relation between the resonance field
Bis and the angle ¥ between the external field and the [110]
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direction,
=9+ larcsin %,
2 Bl‘CS
using Ens. (B6), (B7), and (B8). For § — 0 (and yp — 0) the
ESR data are described well by Eq. (B9), as shown by the red
line in the bottom frame of Fig. 4. The precession of the order
parameter on a circle around its equilibrium direction leads to

£=—1.

(B9)

APPENDIX C: DYNAMICS OF THE ORDER PARAMETER

A particular model which describes the motion of the order
parameter in the a-a plane is presented in this appendix. This
model fixes the four parameters wy,w,n,Yp, and y; (Appendix
B), and only one parameter, y, remains.

The free energy [8] is

B? B?
F=Fy= 1~ [1=cos2¥ = 2¢)l + x1 ?f sin’ 2¢,

where ¢ is the direction of the antiferromagnetic order param-
eter. With

Bp = B cos(v — ¢),

By = —B sin(9¥ — ¢),

we rewrite F according to

XL B zf

2= B2, 4 x1 —L sin®2¢.
) M T XL 3 @

We expand F around its minimum at ¢y up to second order in

¢. Using

Fp)=Fo— (CH

0By

dBp B
8§0 - M 8(/) - D>

we obtain the first and second derivatives of F with respect to
the direction of the order parameter,

oF 1
— = —x1 Bp By + x1 = sin 2¢ cos 2¢,
I 2

3°F
ks = x1. (B}, — Bp) + x1 B cos 4.

The direction of the order parameter is described by two canon-
ical spatial variables and two conjugated momentum variables.
For an oscillating system this results in two eigenfrequencies.
The model [8] is restricted to the a-a plane, and only one of
the dynamical variables is accessible for us. Therefore, we can
expect to explain one of the two resonance modes. We have
the dynamical variable

ep = (cos ¢, sin @),

and the projection of the external field B = B(cos ¢, sin ©)
into the order parameter direction

BD =€p B.
The Larmor energy is

\2
XL 2 XL € D
Exm=—(p-B = =,
= (ep-B)"+ = )2
where the first part is a potential due to the external field and
the second part is the kinetic energy due to the change in the

order parameter. The anisotropy contribution is
BZ
E,, = Xl?Sf sin22go =U.

For small displacements for the direction of the order parameter
A@(t) with the ansatz

@ = @0+ Ag(t)
we have
&p = (A9)".
The approximation around the minimum is
E =EMm+ En
=%é§—j(¢—¢o)2+%;—%
1 9°F

Lxe .
ES—W(A@z‘i‘Ey—é Ag?,

which is the energy of a harmonic oscillator. The frequency of
this harmonic oscillator is the ESR resonance frequency wyes,
determined by

0%F XL o
awz - )/2 res”
Being more explicit, we get

y* (By — Bp) + v* B cos 49 = o,

s (C2)
Our ansatz in (B2),

W2y = W gy + @7 4 €08 4 + y) Bh + v By, (C3)

has four parameters, @ an, ®1.an, ¥p, and y. Equation (C2)
contains only one parameter, which fixes three of our parame-
ters. A comparison with Eq. (C3) yields

2 2 _.2p2 2 _ 2 2 _ .2
wO,an_O’ wl,an_y Bsf’ YDp="VY s Yu=Y

£=—1.

The green line in the bottom frame of Fig. 4 illustrates how
this result fits the data.
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