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Continuing the analysis of epitaxial erbium thin films and Er/Y superlattices, we report the effects
of basal-plane strain on the modulated spin structure as determined from bulk magnetization and
neutron-diffraction measurements detailed in a previous paper [Phys. Rev. B 43, 3123 (1991)].The
phase angle of the c-axis-modulated spin order is larger than that of bulk Er in even the thickest
films and is virtually independent of temperature in the superlattices. The sequence and stability of
c-axis commensurate states in bulk Er are altered in all samples considered. In the superlattices, the
net moment state with four spins up followed by three spins down dominates the temperature and
%.eld phase diagram. An additional intermediate spin configuration with a net moment of half the
saturation moment develops in the superlattice with the thinnest Er interlayers. A phenomenological
calculation of the exchange integral demonstrates that epitaxial strain and lattice clamping can lead
to an enhancement of the phase angle. Specifically, additional commensurate phases may arise due
to strain-induced. variations of the nearest-neighbor and next-nearest-neighbor spin interactions, as
shown in the context of the axial-next-nearest-neighbor Ising model.

I. INTRODUCTION

In recent years, neutron and synchrotron-radiation
diffraction studies of the rare-earth metals Ho, Th, and
Er have demonstrated that the spin structure in each
material exhibits a series of states in which the modula-
tion is commensurate with the lattice periodicity, and as
a result the periodic spin order does not change smoothly
with temperature. In the case of holmium, Gibbs et at.
explained the synchrotron results using a model in which
pairs of ferromagnetic planes lie along successive basal
plane axes to form a "bunched" spiral. Commensurate
states form due to the development of "spin slips" (de-
fined as a missing member of a pair along an easy direc-
tion) with increasing temperature. A similar synchrotron
investigation of EIo/Y superlattices4 searched for possi-
ble alteration or interruption of the spin-slip structures
by artificial interfaces.

In this paper, Er thin films and Er/Y superlattices,
described previously, 5 7 are used to probe the effects of
epitaxy and artificial periodicity on commensurate c-axis
structures. We show that changes observed in the nature

and stability of erbium spin states follow from strain-
induced modifications of the exchange interaction. The
behavior is qualitatively consistent with predictions from
the axial-next-nearest-neighbor Ising (ANNNI) model,
developed to explain the spin commensurations in bulk
Er.8

II. COMMENSURATE SPIN STATES
IN BULK ERBIUM

Bulk erbium exhibits three distinct magnetic phases
below 85 K: sinusoidal c-axis modulation (CAM) of the
spin amplitude from 85 to 52 K, basal-plane spiral mod-
ulation and "squared" CAM from 52 to 20 K, and c-axis
conical ferromagnetism below 20 K. Neutron diffraction
studies indicate that the CAM phase angle decreases
from 51'/layer at T~ to 45'/layer at Tc. The spiral
and CAM wavelengths match down to T~, below T~ the
spiral phase angle stabilizes at a value of 43'/layer. Fig-
ure 1(a) shows the phase angle for bulk Er as a function
of temperature. The commensurate states are labeled
21/ whnere n is the number of c-axis layers in the mag-
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FIG. 1. (a) Temperature dependence of the phase angle

of the Er CAM and basal plane spiral obtained from syn-
chrotron measurements by Gibbs (Ref. 3). The intermediate
states are labeled using the notation described in the text.
(b) Schematic drawings of the 7 and -' states. The spins are
shown perpendicular to the modulation direction for clarity.

30 I ' I ' I ' l

g 24—

.o 12
Q)

hQ

6—

2 kO

00 20
I I I

40 60 80
Temperature (K)

100

FIG. 2. Magnetization as a function of temperature for
bulk Er in c-axis fields [Fig. 13 from Gray and Spedding
(Ref. 10)]. The two anomalies above Tc correlate with the
formation of the 23 and 7 net moment states observed by
Gibbs (refer to Fig. 1).

netic unit cell and l is the number of 2x phase changes
in that cell. The schematic representations of the 7 and

intermediate states in Fig. 1(b) show clearly that the

7 state has a net magnetic moment equal to one-seventh
the saturation moment, while the 4 state has none. The

respectively.
The bulk Er magnetization data of Gray and

Spedding P shown in Fig. 2 also reveal these "lock-in"
states, although the origin of the anomalies was not ap-
preciated at the time of the study. Extrapolation of the
two prominent peak positions to the zero field gives tran-
sition temperatures of 28 and 50.5 K, respectively. These
features mark the development of the 23 and the 7 net
moment states observed by Gibbs. s The dip near 42 K
may be associated with the &~& state. Similar features are
evident in susceptibility measurements for three Er/Y
alloys with Y concentrations ranging from 25 to 75
at. % but have very different onset temperatures.

It has been demonstrated that competing exchange
interactions of neighboring lattice planes give rise to
a discrete sequence of commensurate states, similar to
those observed in bulk Er and its alloys. The application
of the three-plane interaction model and ANNNI model
to bulk Er and to the epitaxial structures is described in
Sec. VI.

III. EXPERIMENTAL PROCEDURES

In this paper we consider a series of Er films and su-
perlattices grown by Molecular Beam Epitaxy at the Uni-
versity of Illinois on 1.2-cm sapphire substrates covered
with 1000 A of Nb and 300—500 A of yttrium. Details
of the growth and structural characterization have been
provided in a previous paper (paper I).s Here we focus
on the formation of intermediate spin states in seven thin
films with Er thicknesses ranging from 375 to 14500 A
and in four superlattices, [Ersi s ~Y2i]sp, [Er2s s (Y2s s]sp,
[Er2s s [Yig] ipp, and [Er sis~Y2s] ipp, as revealed by
magnetization and neutron scattering data.

Neutron scattering experiments were performed at
the National Institute of Standards and Technology on
a triple axis spectrometer. In addition to zero field K,
scans through the (10TO) and (0002) reflections, a se-
ries of [121( scans were carried out in c-axis fields up to
50 kG. Due to the vertical field geometry of the NbTi
superconducting magnet, it was necessary to orient the
growth plane parallel to the scattering plane. To perform
the scans the entire magnet and Dewar assembly was ro-
tated +7' about a horizontal axis. Due to limited vertical
collimation, the resolution was approximately 0.05 A
compared with 0.02 A i for the [000l] scans.

The phase angles of the spin modulation, the mo-
ments, and the transition temperatures were determined
from the positions and intensities of the magnetic re-
flections. The CAM magnetic structure gives rise to
peaks displaced from the nuclear basal plane reflections
by AIx, = kQ, where Q is the CAM wave vector. Higher
order magnetic reflections develop as the CAM "squares-
up. " The basal plane helix leads to similar magnetic
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FIG. 3. Field-cooled magnetization vs temperature for
the 860-A Er film in 2-, 1-, and 0.5-kG c-axis fields. The
feature near 85 K marks T~~~t. The anomalies are designated
by B1 and B2 for the maxima and D2 for the depression.

reflections about the c-axis structural peaks. In super-
lattice samples, both magnetic and structural refIections
are surrounded by superlattice sidebands. The relative
phase and moment of each atomic plane can be extracted
from fits of the neutron data to the damped rectangle-
wave model described in paper I.

IV. ER THIN FILMS

A. Magnetic moment and transition temperatures

Susceptibility data for the Er films are typified by
Fig. 3, which shows the temperature-dependent magneti-
zation for the 860-A. film. The anomaly near 85 K marks
the c-axis Neel temperature T~~~~. The effective moment

p, „&q was extracted from its of the magnetization above

T1vII to the Curie-Weiss law. The moments are given in

Table I and, except for the 860- and 14 500-A. films, agree
with the Er magnetization value of 9.6@~.

0
0 40 80

Ternpei" atui-e (K)

The values for TN
II

in Table I were obtained by extrap
olating the position of the high temperature cusp to zero
field The.se results tend to decrease as the basal plane
strain, also listed in Table I, increases. T~~, which marks
the development of the basal plane spiral, was approxi-
mated from the temperature dependence of the (0002)+
neutron reflections. The 860- and 1750-A. films have tran-
sition temperatures near 40—45 K while T~~ 49 K for
the 9500-A sample; the bulk value is 52 K.

For each film, the c-axis moment per Er atom was cal-
culated as a function of temperature from the intensi-
ties of the (10TO)+ or (1120)+ and higher-order magnetic
peaks. The amplitude of the fundamental peak for the
860-A. film is plotted versus temperature in Fig. 4 along
with that for bulk Er; the shift in T~II is readily appar-
ent. Higher-order magnetic refIections were not observed
for this film, but third-order satellites of the (1011) and

FIG. 4. The c-axis moment (open circles) as a function
of temperature for the 860-A film. The @II values were cal-{1)

culated from the intensities of the (1120)+ magnetic peaks
relative to the nuclear reRection. Data for bulk Er (Ref. 9)
(solid line and solid circles) are shown for comparison.

TABLE I. The c-axis Neel temperatures and experimental saturation moments for the Er thin
films were determined from bulk magnetization measurements. The first and third components of
the CAM moment p p~ and the basal plane moments p~ were extracted from magnetic peak

It
'

lI

intensities at 10 K. They are compared to bulk Er values measured above Tc (Ref. 9). The basal
plane strain values at 10 K were tabulated in paper I and are repeated here for reference.

Er thick
(10-')

Bulk mag

TjvII (K) Pexpt/PH

Neutron
p(31/p

375
860
1750
3900
3950
9500
14500

Bulk Er

6.77
5.96

—0.703
—0.453

83.8 + 0.35
84.2 + 0.40
84.5 + 0.30
84.3 + 0.30
84.7 + 0.25
85.6 + 0.40
85.2 + 0.30

85

10.2 + 0.6
12.3 + 1.6
9.8 + 0.4

10.4 + 0.5
9.6 + 0.4

10.0 + 0.4
10.9 + 0.4

9.6

9.8 + 0.3
10.5 + 0.2

10.2 + 0.2
10.2 + 0.8

10.5

26+01

2.0 + 0.2

3.1 + 0.1
3.1 + 0.2

3.5 + 0.2
34 + 02

3.8
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(1011)+ peaks were detected below 35 K for the 3950-
and 1750-A. films. The amplitudes of the first and third
harmonics at 10 K are given in Table I. For the 9500-
A. film the pt l value is merely an estimate because the

II

squared spin structure locks-in to the 4 commensurate
state, superposing the first- and third-order magnetic re-
fiections. The basal plane moment that develops below
T~~ was calculated from the intensities of the (0002)+
peaks. The 10-K values are listed in Table I. The total
moments for the thin films were calculated by squaring
p~ with the amplitude of the c-axis modulation and are
9.2@~ for the 1750-A. film and 9.3p~ for the 3950-A film
at 10 K. These values dier from the 9.0p~ Er moment
primarily because higher-order Fourier components have
not been measured.
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B. Intermediate spin states

Neutron diA'raction and magnetization results indicate
that the spin structures of the epitaxial films change
via a sequence of commensurate states as does bulk Er,
but the stability of these states depends on film thick-
ness. For example, the magnetization data for the 860-A.
film in Fig. 3 show no evidence of a first-order ferro-
magnetic transition; rather the curves exhibit distinct
anomalies similar to those of bulk Er (Fig. 2). For the
860-A film, the 2-kG curve has a pronounced "bump"
(B2) and a "dip" (D2), while the 1-kG and 0.5-kG
curves show two less distinct maxima (Bl and B2) in
addition to a depression (D2). Extrapolation to zero
field gives T~1 ——36.0 + 2.0 K, T~2 ——27.0+ 2.0 K, and
TD2 ——22.0+ 1.5 K.

The phase angles of the CAM and basal plane spiral for
the 860-A film are plotted versus temperature in Fig. 5.
As in bulk, the spiral and CAM angles are equal and vary
discontinuously with temperature. At each temperature,
however, the angles are larger than the bulk Er values.
Below 20 K, the turn angle stabilizes near 47.6'/layer,
close to the 47.4'/layer phase angle for the ig state. We
associate this commensurate state, which has no net mo-
ment, with the depression D2 in the susceptibility. The
presence of two distinct (1120)+ reflections in the 30-K
neutron data indicates that two spin states with phase
angles close to the 15 and 7 commensurate structures2

coexist. We identify T~2 with the development of the—15
net moment state. Finally the phase angle of 51.4'/layer
at 35 K indicates that T~i characterizes the formation of
the 7 net moment state.2

Susceptibility curves for the 1750- and 3900-A Er films
are similar to the data in Fig. 3. Anomalies are evident
at the same temperatures (within experimental error)
as those for the 860-A film. Diff'raction measurements
for the 1750-A film confirm that the associated "lock-in"
structures are identical to those identified for the 860-A
sample.

The magnetization data for the 9500-A. film difFer sub-
stantially from the thinner films; the anomalies are more
pronounced (Fig. 6). The characteristic temperatures of

FIG. 5. Phase angle plotted vs temperature for the 860-A
Er 61m. The solid circles mark the turn angles for the basal
plane spiral obtained from the positions of the (0002)+ satel-
lites. The open circles correspond to the phase angles of the
CAM extracted from the positions of the (1120)+ magnetic
reflections. The phase angle of the CAM in bulk Er (solid
line) (Ref. 3) is shown for comparison.
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FIG. 6. Field-cooled magnetization vs temperature for
the 9500-A Er film in 2-, 1-, and 0.5-kG fields applied along
the c axis. The anomalies are designated by Bl and B3 for
the maxima and Dl and D3 for the depressions.

these features are T~1 ——47.0 + 1.0 K, TD1 ——35.2+ 1.0
K, T~s ——'25.5 + 1.5 K, and TDs ——16.0+ 1.0 K. The 2-kG
and zero-field turn angles of the CAM and the zero-field
phase angle of the basal plane spiral are plotted as a
function of temperature in Fig. 7. Both data sets sug-
gest that the maximum marked Bl correlates with the
development of the 7 net moment state. The 2-kG turn
angle of 49.4'/layer at 32.5 K identifies the depression
D1 with the 11 structure. The bump B3 may be associ-
ated with the development of the 15 net moment state,
though the phase angles measured near 25 K are slightly
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FIG. 7. Phase angle as a function of temperature for the
9500-A Er film. The turn angles for the basal plane spiral cal-
culated from the positions of the (0002)+ satellites are marked
by solid circles. The CAM turn angles obtained from the po-
sitions of the (1010)+ reflections in zero field are designated

by open circles and the phase angles from the positions of the
(1120)+ peaks in a 2-kG field are marked by squares. The
phase angle of the CAM in bulk Er (Ref. 3) (solid line) is
shown for comparison.

smaller than 48.0 /layer. We note that the 47.0'/layer
turn angle expected for the 23 net moment state is not
observed. The phase angle data clearly indicate that the
CAM locks in to the 4 spin structure below 20 K, giv-
ing rise to the low-temperature depression D3 in Fig. 6.
The features of the susceptibility data for the 14500-A
film are similar in appearance to those of the 9500-A film
data, though less pronounced and at slightly lower tem-
peratures.

As may be expected, the temperature-dependent spin
structures of the thicker films more closely resemble those
of bulk Er than do those of the strained thin films. This
observation is supported by data for the 3950-A film
whose magnetization curve has only a single anomaly
near T = 47.0 + 2.0 K. Phase angle measurements con-
firm that this feature marks the formation of the 7 net
moment state at a characteristic temperature closer to
T~1 values for the 9500-A film and bulk than to values
for the thinner films. This result follows, we believe, from
the reduced epitaxial strain for that film relative to the
others (refer to Table I).

FIG. 8. The field-cooled (solid line) and zero-field-cooled
(dashed line) magnetization of [Er13 5 IY25]100 in a 2-kG field

applied along the c axis. The high-temperature feature marks

Tw)) ——67.8 K.

V. ER/Y SUPERLATTICES

A. Magnetic moment and transition temperatures

Magnetization measurements and neutron diffraction
scans performed in c-axis fields on the four Er/Y super-
lattices give substantially different results from those of
the thin films and bulk Er. Figure 8 shows the field-
cooled and zero-field-cooled magnetization versus tem-
Perature for [Eris 5 ~Y25]ipp in a 2-kG c-axis field. Fits
of the susceptibility above T~II to the Curie-gneiss law

give saturation moment values that are comparable to
bulk. These parameters are listed in Table II.

The c-axis Neel temperatures, from both neutron
diffraction measurements of the (10T0)+ and (1011)+
peak intensities and magnetization data, are reduced sig-
nificantly from the bulk Er value of 85 K. Comparison
with the a-axis lattice strain in Table II suggests that 7~II
for both the films and superlattices decreases as the epi-
taxial strain increases. The basal plane Neel temperature
Tttt~ is best determined from the (0002)+ peak intensi-
ties. The resultant temperatures are listed in Table II;
all are significantly lower than the bulk value of 52 K and
the Er thin film values which range from 40 to 45 K.

TABLE II. p, „~& for the superlattices was extracted from fits of the magnetic susceptibility
above T~II to the Curie-Weiss law. The Neel temperatures, T~~~ and T~~, were extracted from
the c- and a-axis susceptibility data, respectively, and from measurements of the magnetic neutron
peak intensities. The basal plane strain values at 10 K were tabulated in paper I and are repeated
here for reference.

Superlat tice
sample

[«31.5 IY21]so
[«23.5 I

Yi 0]100

[ E.r25IY525. 5]so
[«13.5 I Y25]100

(10 ')
12.95
11.43

11.43

pexpt /pe

10.6 + 0.4
10.1 + 0.3
10.1 + 0.3
9.9 + 0.5

77.2 + 0.5
74.9 + 1.0
74.5 + 1.0
67.8 + 1.0

80 + 5
78 + 1

70 + 5

T~I (K)
Mag Neut

30+5
28.5 + 0.5

Ter~ (K)
Mag

28 + 2
28+2
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FIG. 9. The first- and third-order c-axis moments (p( )
tl

and pIP, respectively) are plotted as a function of tem-

perature for [Er23.5 (Yig]ioo (diamonds), [Er13.5 )Y25]loo
(squares), and [Er31,5 ~Ygi]oo (triangles). These moment val-

ues were extracted from fits of the [101j] neutron diffraction
scans to the damped rectangle-wave model. Data for bulk Er
(Ref. 9) (solid lines and solid circles) are shown for compari-
son.

Tile c-axis 111oment per Ei atom far [Eris 5 ~Y25]
[Er23.5 IY19]100~

and [Ersi 5 ~Y21]00 was extracted from

fits of the [10ll] neutron scans to the damped rectangle-
wave model. The amplitudes of the first- and third-order

harmonics p~ ~ and p~ are plotted versus temperature(1) (3)
II II

in Fig. 9 along with bulk values. The basal plane mo-

ments were obtained similarly fram fits af the [000( scans.

pJ «r [Er13.5 )Y25]100 [Er23.5 )Yls]100
[«31.5 ~Y21]50 is 2.8 + 0.4p~ and decreases rapidly with

increasing temperature as expected from the reduced

T~~. The total saturatian moments, calculated from
the low-temperature basal plane moments and the am-

plitude of the c-axis square-wave modulation, are 9.1p~
for [Er315 Y21]60, 8 5pH for [Er2.3.5 )Y19]100, and 8 Gpss

for [Er135 Y25 100. These values are reasonably close to
the 9.0 p~ bulk moment.

B. Phase angle of the periodic magnetic structure

Like the thin films, the Er/Y superlattices do not cas-
cade through the fuB sequence of bulk commensurate
states as the temperature is lowered. Because the sus-
ceptibility curves, typiGed by Fig. 8, show no pronounced
features, we identify the zero Geld "lock-in" states from
the phase angle data. The CAM phase advance in each
layer of the superlattice was determined by Gtting the
neutron data to the damped rectangle-wave model. s The
average CAM angle in the Er portion of each bilayer

(cuE, ) is plotted versus temperature in Fig. 10(a) along
with the bulk Er values. Below 50 K this angle is sig-

l

20
i l I

40 60
Temperature (K)

I

80 100

nificantly larger than bulk and decreases only slightly

(& 1') as the temperature is lowered. At low tempera-
tures uE, for the superlattices appraaches the 51.4o/layer
angle of the 7 commensurate state. The only exception is

[Eris 5 )Y25]100 (circles) for which ~E, decreases through
the 7 value to that of the

z&
state at 10 K. In the sus-

ceptibility data for this sample (Fig. 8), the onset of the

7 net moment state is marked by a broad maximum near
25 K. The depression that follows at 20 K is related to
the formation of the

&&
spin structure which has no net

moment.
The effective phase of the CAM in the Y interlayers

is plotted as a function of temperature in Fig. 10(b).
Within the uncertainties of the fit, it is constant at
50'/layer. This value is reasonably close to the 51'/layer
effective Y angle determined for Dy/Y superlatticesi3
and is identical to the 50'/layer turn angle of the mag-

netic order in dilute rare-earth —yttrium alloys. Signif-
icantly, the total phase shift of the CAM acrass the Y
layers is not an integral multiple of x; the coupling is not
simply ferro- or antiferromagnetic.

Determination of the phase angle of the basal plane
spiral from [000t] neutron scans near (0002) was less ac-
curate because the basal plane moment is small relative
to the c-axis moment, and the spiral magnetic peaks are
broader than the CAM reflections. The calculated spiral
angles were consistently lower than those of the CAM

Fla. 10. (a) The phase angle/layer of' the CAN in

the Er portion of each bilayer is plotted vs temperature

for [Eris 5 )Y25]ioo (circles), [Ergo.5 ~Yig]ioo (diamonds), and

f«gi. s ~Ygi]oo (triangles). These turn angles were extracted

from fits of the [&Olf] neutron scans to the damped rectangle-

wave model. The turn angle for bulk Er (Ref. 3) (solid line) is

shown for comparison. (b) The effective phase angle/layer of

the CAM in the Y portion of each bilayer is plotted vs tem-

perature for the same three superlattices. The dashed line

marks the 50'/layer turn angle for bulk Y determined from

neutron studies of dilute RE/Y alloys (Ref. 14).
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where ( is a damping factor. The total phase shift
at the jth layer and the Er concentration CA(j, a)

are parameters defined in the damped rectangle-wave
model. 5 The structural parameters used for these cal-
culations were extracted from fits of the 35-K [10ll] scan
for [Eris 5 ~Y25]ipp to this model. The "best guess" spin
state has %1 ——7, N2 ——3, N3 ——8, and N4 ——3 down
with ( = 0.1. It follows geometrically from the 7 state
by Gipping three sets of three spins. The state has a net
moment of 0.42 (SA), which is reasonably close to the ex-
perimental value. An exact comparison of the diA'raction
data to the model calculation is dificult, however, due to
the poor resolution of the c-axis field scans. Similar spin
states, such as N1 ——N3 ——8 and N2 ——N4 ——3, cannot
be ruled out.

VI. ANALY SIS

In the simplest conventional model, the spin structures
in bulk erbium result from competing ferromagnetic and
antiferromagnetic spin interactions. In this section mod-
els for the exchange interaction in the rare earths are
reviewed with emphasis on the ANNNI model, which
specifically predicts the formation of "lock-in" states. It
is shown that the modified magnetic behavior of the Er
thin films and Er/Y superlattices can be qualitatively
attributed to strain-induced changes of the exchange re-
sulting from epitaxial growth.

A. Exchange interaction

In general the exchange Hamiltonian has the following
form:

'R,„=—Q J(R, —R~)J, J, , (2)
igj

where g(R.; —Rz) describes the long-range RKKY-like
interaction between the ith and jth spins. The wave-

length of the periodic magnetic structure is determined

by the wave vector Q, which maximizes the Fourier trans-
form J(q). The simplest g(q) arises from the three-

plane interaction model developed by Enz. If all the
spins in a given plane are parallel, the simplified exchange
is written

P(q) = 4' + 2+i cos(qd) + 2' cos(2qd), (3)

where describes the interaction between the spins
within a single plane, gi is the interaction between the
spins in neighboring planes, gq is the interaction between
next-nearest neighboring planes, and d is the interplanar
distance. Maximizing Eq. (3) with respect to q at Try
gives

&71 :cos(Qlyd)cAM = cos cdAt .
2

Periodic order is stable when
~
Ji (( 4

( g2 (
and gq ( 0.

We assert that the primary source of temperature and
strain dependence of the phase angle u is the magneto-
elastic energy. The total energy for bulk Er (excluding
anisotropy) is

E = —o J sin 0[4&p + 2+i cos~» + 2+2 cos(2~»)]
—u J cos 0[4+p + 2+i cosucAM + 2Jg cos(2~(.AM)] + 2 )

where ~,p and ~cAM are the turn angles of the spiral and
CAM, respectively, c;& are the elastic coe%cients, e;; are
the anomalous strains, and o is the relative moment. The
magnetoelastic coef5cients I~& can be written as exphcit
functions of the turn angles and the cone angle 0:

Ii~ = Ii'& ——&( Iip'" + Iii '" sin 0 cosu»
+I'C2 ' cos 8 cos 4J( AM)

I'Cg: Ko + A. 1 sin 0 cos Msp + K2 cos 0 cos SCAM

Note that the eR'ects of the CAM squaring at low temper-
atures can be included by replacing cosucAM in Eqs. (5)
and (6) with

-(2m+1)~) cos[(277l + l)w( AM],
gQ 2m + 1

where the normali. zation factor N~g equals

p[e (~ +i& /2m + 1] and 6 is a damping factor.
For simplicity, the derivation for the sinusoidal case is
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presented here.
We attribute the change in the turn angle of bulk Er

from 51'/layer at Tjv to 45'/layer at T~ to magnetoelas-
tic effects and minimize Eq. (5) with respect to cu, & and

~cAM, which gives n=1 n=2

TABLE III. The magnetoelastic coeflicients in Eq. (6) at
20 K in units of 3/cm . The values were extracted from the
equilibrium expressions for the anomalous strains and the
phase angles using strain data (Refs. 17 and 18) for bulk Er.

o'J'(2&i + 8+2 cos~)

(K, '"

—(It i sin ()) + I&& cos 8)P„

K„~:—K„+K„"K"
K„

—6930
—3170
—5360

58 100
25 100
46 000

—397
675

—736

above Tc assuming ~sp = cAM and

(T J (2+i + 8+2 cos u»)

.-z, y

(~„+~„„)+ &&(~ ), „(9)

4(r J J2 ——4(r J +2+ (oisin 0+ K2cos (I))
4c(l + r, )

1
(I~i sin (I)+ I~z cos 8) .

2c33

The quantities K and c are defined

(r J (2Ji + 8+2 cos 4tcAM)

2c].3c= cii+ci2 —2
C33

A' = A' +A"„—2 A, .
c13

C33
(14)

~ &)9

(~I + eIy)+ Ic2e~„~, (10)

below where f and a designate the ferromagnetic and an-
tiferromagnetic values of the strain, respectively. We con-
strain the parameters to produce a cone phase at T ( T~
by requiring co~cAM = 1 in Eq. (10). Equations (4)
and (10) give gi —3.14 J/cm and g2 ——1.25 J/cm .
Using experimental parameters for bulk Er, we can
calculate the magnetoelastic coeFicients by combining
the equations above with the equilibrium expressions for
the strains (I|.'; = P. c,zezz) The v.alues of the coeK-
cients at 20 K obtained for the squared CAM are listed in
Table III.

To model the films and superlattices, the magnetoelas-
tic energy contribution in Eq. (5) is modified to include
the elastic energy contribution from the yttrium lattice

1EY —2Pz Cgj CggEjj'&

gij

where r, is the strength of the coupling between the Er
and Y and e;; are the anomalous Y strains, constrained
in the basal plane to diA'er from the Er strains by the
lattice mismatch ~0~ &. Paralleling the treatment detailed
in paper I, the new energy is minimized with respect to
the strains and turn angles. We obtain the following
relationship for the equilibrium phase angle:

cos 4) 1

where

o. J g,' = o. J gi + (Iip+ 2r, cap „)4c(l + r, )

x(Iii sin 0+ Iiqcos 0)
1+ I~()(I~i sin 0+ I&2 cos 0),
C33

B. The ANNNI mode1

The three-plane approximation described above does
not fully account for the complex features of the peri-
odic spin order in bulk Er. Bak and Boehm first sug-
gested that the intermediate commensurate states could
be explained in terms of the axial-next-nearest-neighbor
Ising (ANNNI) model. Their analysis was expanded by
Yokoi et aL. to include the eA'ects of an applied field.
For simplicity both considered a spin-& Ising model on a
simple cubic lattice with interaction gp between nearest
neighbors in the z-y plane. Similar to the three-plane
model, the spins on neighboring planes are ferromagnet-
ically coupled (Pi ) 0), and the spins on next-nearest
neighboring layers have an antiferromagnetic interaction
(gq ( 0). It is assumed that jp ——gi. The problem was
treated in the mean-field approximation, leading to the
following self-consistent equations for the average spin
(S~) in layer j:

~, =4WS, )+~((S,— )+(S,.»
+~~(P~-2) + (S~+2)) + I II

(15)

As suggested by the r, dependence in Eq. (13), the value
of the turn angle at a given temperature increases rapidly
with lattice clamping. For a typical thin film and super-
lattice, the values of r, obtained from the critical fields
are 0.4 and 1.5, respectively, assuming a mismatch of
2.5%.5 For a squared CAM at 20 K the calculated ~ for
the film is 54'/layer and 67'/layer for the superlattice.
Although these angles are larger than those measured,
this approach demonstrates how the magnetoelastic cou-
pling can change the effective exchange constants. While
the addition of anisotropy terms to Eq. (5) may alter the
magnetoelastic coeFicients in Table III and the result-
ing ~ values, the overall dependence on lattice clamping
would remain the same.
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The free energy was minimized to obtain equilibrium spin
configurations at various temperatures and fields as a
function of p = —g2/gr. The phase diagram generated
by Yokoi et al. has three distinct regions: paramag-
netic, ferromagnetic, and modulated antiferromagnetic.
In the modulated region the turn angle changes abruptly
as a function of temperature between commensurate spin
states in a manner similar to bulk Er (Fig. 1). These
states are sinusoidal in the high-temperature region and
develop higher-order harmonics as the temperature is de-
creased. In zero field the most stable of these structures
are the (2 t 2 J, ) state (two spins up followed by two spins
down) which appears above p = 0.5 and the (3 t' 3 $)
state. The primary effect of a magnetic field is to sta-
bilize states with net moments, such as the (3 't 2 $) state
(three spins up, two spins down). In the field-dependent
magnetization, transitions between commensurate states
show up as steps like those observed for Er/Y superlat-
tices (refer to Fig. 11).

We have carried out calculations based on the ANNNI
model using a system of 256 layers for J =

2 . As found
previously, the results represent those of bulk Er rather
well for go ——Jr and p = 0.38. We extend this treatment
to the films and superlattices by including epitaxial con-
straints in the effective exchange parameters gr' and gz.
Using the magnetoelastic coefFicients extracted from bulk
Er data, we have calculated the ratio p' from Eq. (13) for
a typical film (r, 0.4, eo &

—0.025) and superlattice
(r, 1.5, eo z

—0.025). The net effect is to move to-
ward smaller p' as the temperature is decreased. (Due
to the approximate nature of this calculation, the exact
temperature dependence of p' could not be determined. )

The estimate suggests that the magnetic behavior of
the Er films can be mimicked taking p' = 0.6, while that
of the superlattice can be compared to calculations using
p' = 1.5. Figure 13 shows the relative magnetization cal-
culated as a function of temperature and applied Aeld for
both cases. Notice that an antiferromagnetic state per-
sists to T = 0 K for low fields. The anomalies in the mag-
netization signify the formation of commensurate struc-
tures with phase angles that vary from 60' to 90' per
layer. For example, for p' = 0.6 and tr = pH/Ji ——0.1'
the spins order in a (4 t' 2 $ 3 t' 2 $) up-down pattern (net
moment of ii M, &) near t = 0.1. As the temperature is
increased, the spin structure jumps from the (3 t' 2 $)
state to the (2 t 2 J,) configuration. The spin structure
for p' = 1.5 and h = 1.5 passes through a similar se-
ries of states including (4 t' 2 1. 3 t 2 j,), (2 t 2 $) and
(3 t' 2 $ 3 t' '2 $ 2 t' 2 j). The spin states predicted by the
ANNNI calculation are not in agreement with the config-
urations observed for the Er films and superlattices, but
are suggestive of the general trends. A more complete
treatment would require the addition of higher-order ex-
change terms and the effects of anisotropy.

The structural modulation of the superlattices should
also be included, as was done for Gd/Fe (Ref. 20) and
Ho/Y (Ref. 1) superlattices. The Ho/Y calculation sug-
gests that the Ho layers at each Y interface, lacking
second-neighbor interactions, are more ferromagnetically
correlated than in bulk. This behavior is not observed for
Er/Y superlattices; the phase angle data is larger than

0.8

0.4

0.4

0.0
0.0 0.5 1.0 8.0

FIG. 13. Relative magnetization of the lowest energy
states in the ANNNI calculation as a function of tempera-
ture for p' = 0.6 in reduced fields of 0.1, 0.2, and 0.3 and for
p' = 1.5 in reduced fields of 0.5, 1.5, and 2.5. (The reduced
field equals tiII/+r' and t = kaT/l g,').
bulk values at each temperature. Evidently, the conduc-
tion electron polarization is more robust and maintains
the CAM coherence at the value determined by band
structure, even in the presence of intervening Y layers.

VII. CONCLUSION

From a comparision of the turn angle measurements
with the anomalous susceptibility data, we have identi-
fied the commensurate CAM structures that develop in a
series of epitaxial Er films and Er/Y superlattices. Diff'er-
ences in the sequence and stability of these states relative
to those observed in bulk Er depend primarily on epitax-
ial strain. While phase angles measured for the thickest
Alms are slightly larger than bulk values, only the high
temperature "lock-in" states of the bulk develop in AIms
thinner than 2000 A. . Phase diagrams for highly strained
superlattices are dominated by the 7 net moment state,
though a new intermediate state with 2 the saturation
moment forms in high fields.

In paper I enhanced critical fields observed for these
samples were explained by modifying the magnetoelas-
tic energy to account for elastic coupling of the Er and
Y lattices. By including this energy term in a phe-
nomenological estimate of the exchange interaction, we
have demonstrated here that epitaxial strain can suppress
the temperature-dependence of the turn angles. We have
shown how the strain effects could be incorporated into
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a temperature dependent ratio of the exchange coefFi-
cients, —g2 jar', in the ANNNI model, leading to addi-
tional commensurate states.

That the behavior of the films and superlattices can be
approximated simply by including epitaxial constraints
into the generalized Hamiltonian for bulk erbium is our
principal conclusion. Strain effects clearly govern the
magnetic properties in epitaxial Er systems.
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