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Electric-field gradients in thin face-centered-tetragonal Co films observed
by nuclear magnetic resonance

H. Wieldraaijer, W. J. M. de Jonge, and J. T. Kohlhepp*
Department of Applied Physics, Center for Nanomaterials (¢cNM) and COBRA Research Institute, Eindhoven University of Technology,
P.O. Box 513, 5600 MB Eindhoven, The Netherlands
(Received 2 May 2005; revised manuscript received 12 July 2005; published 12 October 2005)

Thin tetragonally strained fcc-Co films grown epitaxially on Cu(001) single crystals have been investigated
by %Co nuclear magnetic resonance (NMR). The ultrahigh structural quality and the homogeneity of the strain
result in the direct NMR observation of electric-field gradients, which is unique in thin films. The structural
quality and the homogeneity and size of the strain are analyzed by means of the very small NMR linewidths,
the hyperfine field anisotropies, and the uniform electric-field gradients. A quantitative agreement with the
observed strain is found. The strain, and thus the tetragonal distortion, in the films is found to be surprisingly
stable, showing less than 10% strain relief for 80 ML Co films.

DOI: 10.1103/PhysRevB.72.155409

I. INTRODUCTION

The physical structure of thin films generally shows sig-
nificant deviations from that of the bulk material. An ex-
ample of this is the strain arising from the different lattice
parameters of the film material and the substrate. In magnetic
thin films, which are of strong interest due to the use of these
films in various spintronic devices or model systems,? the
magnetic and electronic properties may be strongly influ-
enced by this strain and other structural aspects. This influ-
ence makes it important to accurately investigate the specific
physical structure of thin films.

A model system for this kind of investigation is Co grown
on Cu(001). Under proper conditions, the Co film has been
shown to grow in an almost layer-by-layer fashion and to
form a face-centered-tetragonal (fct) structure of high quality
over a reasonable thickness range.>” This fct-Co phase is
stabilized by the relatively small lattice mismatch (=2.0% )
with the Cu and is unique for thin films since the inherent
strain cannot be obtained in bulk Co. It is, however, interest-
ing to check whether this strain is the only difference with
the bulk fcc phase.

A sensitive tool for the study of thin Co film structural
properties is *°Co nuclear magnetic resonance (NMR).%9 The
NMR resonance frequencies, which are proportional to the
magnetic hyperfine field at the Co nucleus, provide informa-
tion on the distribution of Co atoms over different local en-
vironments. NMR can easily distinguish the various Co
phases, observe impurities and interfaces, and can determine
the strain in a Co film. An additional advantage is its ability
to measure buried layers, which means that a film can be
analyzed in its actual surroundings embedded in a structure.

So far NMR measurements have indeed identified all Co
phases in thin-film structures.” However, apart from the ho-
mogeneous strain in many layers (resulting in a small shift of
the resonance frequency), some differences compared to
bulk-Co spectra are worth noting. Most remarkable is the
large linewidth usually observed in thin films. Whereas bulk
fcc and hep materials have linewidths of about 0.7—1.0 MHz
(full width at half of the maximum intensity, FWHM),!%!!
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almost all thin Co films have linewidths of 5-10 MHz. A
broadening of a NMR line can be caused by a direct influ-
ence of the interfaces on the hyperfine field'> or by the
electric-field gradients (EFG’s) caused by the deformation of
the structure (see Sec. III C 3), but both effects are much too
small to account for the 4—9 MHz broadening. The large
broadening in films is almost certainly caused by an inferior
structural quality and a poor homogeneity as compared to the
bulk material. This poor structural homogeneity precludes
detailed studies on the properties of thin films.

In this paper we show that fct Co(001) grown by
molecular-beam epitaxy (MBE) on Cu single crystals and
covered with Cu presents a unique Co phase of bulklike
structural quality. In order to optimize the quality, it is nec-
essary to use single Co films instead of multilayers, which
are certainly easier to measure, but are usually of lower
structural quality simply due to accumulating defects. The
(tetragonal) strain of the film is very homogeneous and
shows only very little strain relief with increasing thickness
contrary to the case of uncovered Co films. The elastic prop-
erties correspond to those of bulk fcc Co. Several effects of
the strain are directly observable and measurable by NMR,
which has not been possible in thin films before. A homoge-
neous EFG is observed and measured and can be quantita-
tively understood from the strain in the system. The (small)
broadening of the NMR line compared to that of bulk fcc Co
is shown to be due to effects of the noncubicity and not to an
inferior quality. This means that the system actually repre-
sents a Co structure which is not existent in bulk (namely fct
Co), but has a structural quality and homogeneity compa-
rable to a bulk crystal.

The paper is organized as follows: after providing the
experimental details, we first compare Co layers on two
types of Cu(001) substrates to determine which gives the
optimum quality. Next we analyze the structure and strain of
the best films by means of x-ray diffraction (XRD), scanning
tunneling microscopy (STM), and low energy electron dif-
fraction (LEED) and consecutively present our NMR results.
These last are split in several parts: first the measurements of
the hyperfine field are given, next the quadrupole splitting is
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analyzed, and finally the electric-field gradients are both de-
termined from the measurement and compared with the val-
ues expected from the strain. In Sec. IV we compare our
results with the literature and analyze the precise origin of
the remaining NMR line broadening for these thin films rela-
tive to that of bulk fcc-Co. The paper ends with an overview
of our conclusions.

II. EXPERIMENTAL

In order to obtain an optimum Co quality, the Co layers
were single layers directly grown on a Cu(001) single crys-
tal. This usually provides a better quality than a Co/Cu
multilayer structure. Contrary to the multilayer case the Cu
will not be strained since its thickness is virtually infinite.

Preliminary to deposition, the Cu(001) single crystals
were cleaned by sputter and anneal treatments until the sur-
face was atomically flat and clean. The Co was MBE grown
at a sample temperature of about 50 °C, a background pres-
sure below 107! mbar, and a growth rate of about
1 ML/min. The Co thickness was controlled by an accu-
rately calibrated quartz-crystal microbalance. Co thicknesses
of 6, 10, 12, 15, 20, 40, 80, and 280 monolayers (ML) were
grown and the growth quality was checked in situ by LEED
and STM. All Co layers were subsequently covered by 4 nm
of Cu to prevent oxidation and to obtain optimally homoge-
neous Co structures with symmetric interfaces. The com-
pleted layer structures were analyzed ex situ by XRD and
%Co NMR. The NMR experiments were performed at 2 K in
a home-built frequency-tuned spin-echo-NMR spectrometer.
The sensitivity of the spectrometer is sufficient for measur-
ing Co layers down to single ML thickness.'3

As a preliminary investigation, we have also grown Co
films on 100 nm Cu buffer layers deposited on Si(001) sub-
strates. The Cu buffer layer grows in a well-defined (001)
orientation, although with an inferior quality than the Cu
single crystals. Co films of 14, 28, 42, and 56 ML were
grown and covered with 4 nm Cu.

III. RESULTS
A. Cu buffer layer versus Cu single crystal

We first compare the structural quality of Co layers grown
on the Cu(001) buffer layer with those grown on the Cu(001)
single crystal. The quality on a strictly atomic scale can be
evaluated from the NMR resonance linewidth. Such a mea-
surement is not influenced by the better long-range order in
the single crystal but is only sensitive to the local properties.
Since the Co structures are nominally the same, any differ-
ence in the NMR linewidth can be directly related to the
presence of local defects, stacking faults, or inhomogeneous
strain in the films. A larger width directly indicates an infe-
rior structural quality.

Co NMR spectra for films grown on a Cu buffer are plot-
ted in Fig. 1(a) and the spectra for three films grown on a Cu
single crystal in Fig. 1(b).

The spectrum of the thinnest Co film grown on a Cu
buffer consists of a single line at 214.4 MHz, corresponding
to Co in the fcc phase (217 MHz).? The shift of the reso-
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FIG. 1. (Color online) NMR spectra for Co(001) films grown on
two different templates. (a) 14, 28, 42, and 56 ML thick Co films
grown on Si(001)/100 nm Cu(001) and (b) 20, 40, and 80 ML thick
Co films grow on a Cu(001) single crystal. The spectra have been
scaled in such a way that the area under the graphs is proportional
to the Co thickness for (a) and (b) separately. The resonance fre-
quency is proportional to the hyperfine field at the Co nuclei
(-10.054 MHz/T).

nance line is caused by a small volume strain of the Co,
which will be discussed more extensively in later sections.

With increasing film thickness the line gradually shifts to
215.7 MHz for the 56 ML Co film, indicating that a signifi-
cant part of the strain is gradually relieved in this thickness
range. Except for the thinnest film, all linewidths are about
2.5 MHz FWHM, indicating a similar structural quality in all
films and a homogeneous strain throughout the films.

The film strain stays homogeneous if strain relief occurs
solely by means of misfit dislocations at the interface. This
process is accompanied by stacking faults within the
film,'*!5 which are observed as the NMR lines at 219 and
222 MHz.? The value for the strain relief derived from the
measured stacking-fault density'# is comparable to the value
determined from the NMR lineshift.

The spectra for 20, 40, and 80 ML Co films grown di-
rectly on a Cu(001) single crystal [Fig. 1(b)] do not show
this strain relief as evinced by the constant position of the
resonance line at 214.6 MHz (very close to the frequency for
the thinnest film on a Cu buffer) and the virtual absence of
stacking faults. Additionally, the linewidth is strongly re-
duced (1.6, 1.2, and 1.1 MHz, respectively) compared to the
films grown on a buffer. These linewidths are smaller than
those of any other epitaxial thin Co film’ and only a few
100 kHz larger than the widths observed for Co single
crystals.”

Thus, Co layers on a Cu(001) single crystal show a very
high-quality strained fcc phase with hardly any strain relief
or stacking faults up to at least 80 ML. This in contrast to Co
layers grown on a Cu(001) buffer layer, which are also of
quite high quality, but show strain relief and associated
stacking faults with increasing thickness. This means that Co
layers grown on single-crystal substrates are much more suit-
able for the investigation of perfect thin films. We will ex-
clusively investigate these in the remainder of this study.
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B. Structure and strain

First, the structure of the films and the strain in the films
have been investigated as a function of thickness by means
of STM, LEED, and XRD.

Our STM measurements show that for films up to 10 ML
thickness the Co grows in a nearly layer-by-layer mode as
expected® and not more than three layers are observed simul-
taneously. For thicker films the roughness increases slightly:
for a 20 ML film and a 40 ML film four and five layers are
visible, respectively. Thus, although the growth is not in an
ideal layer-by-layer fashion, it is quite close to it and the
deviation is not expected to significantly influence the film
structure.

LEED patterns show a square surface structure as ex-
pected for the fcc(001) direction without any thickness de-
pendence even for still thicker films, indicating the absence
of surface reconstructions and establishing the sole presence
of the (001) orientation.

The 2% larger lattice parameter of Cu will lead to an
expansion of the Co lattice in the plane of the film. This is
accompanied by an out-of-plane contraction and results in a
deformed fcc phase: face-centered-tetragonal (fct) Co. If, as
usual, strain relief occurs at the interfaces, the strain can be
described by a single parameter since the out-of-plane strain
(e, =Ac/cy), the volume strain [AV/V=(co+Ac)(ay+Aa)?/
(coa%)—l], and the tetragonal deformation (c/a) can all be
calculated from the in-plane strain (g;=Aa/a,) by the stan-
dard elastic theory.'® Due to the very large thickness of the
Cu single crystal only the Co film will be strained, with a
maximum expansion for Co(001) of ¢=+1.99% at room
temperature and +2.00% at liquid He temperatures.'’

The corresponding out-of-plane contraction in the
fcc(001) orientations follows from!®

c
€, = y6=—2""¢. (1)

11
USil’lg C11=(2.42i0.02)1011 N/m2 and Cip

=(1.60+0.02)10"" N/m?, one finds y=—1.32+0.03 for fcc
Co at room temperature.'® Thus, a maximum out-of-plane
strain €, =—(2.63£0.06)% and a maximum volume strain
AVl Veo=4+(1.29£0.03)% is expected for our Co films.

We have measured the out-of-plane lattice constant ¢ by
means of LEED and XRD in order to determine the strain in
our films.

For the top monolayers of uncovered Co films, ¢ can be
determined from LEED I-V curves measured on the [00]
spot. The energies at which the consecutive single-scattering
peaks are found can yield a kinematical estimate of c. The
accuracy of this analysis is, however, limited due to the pres-
ence of multiple scattering features. Also, the top-most un-
covered Co ML’s may have a lattice parameter somewhat
deviating from the bulk value.'”?® The results are thus
mainly useful for comparing the strain for different thick-
nesses.

For Co thicknesses of 10, 20, and 40 ML, c¢
=(0.347+0.001) nm is found, which corresponds to €,
=—(2.1£0.2)%. The 80 ML Co film has €, =—1.6% and the
280 ML film €, =—0.9%. Apart from the absolute values, this
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indicates relaxation setting in somewhere between 40 and 80
ML and a still significant residual strain at 280 ML.

After deposition of a 4 nm Cu film the completed struc-
ture was analyzed by XRD. Because of the small separation
between the large peak from the Cu crystal and the Co(002)
peak, only the samples with 80 and 280 ML Co films
could be measured reliably. A 6#—26 scan of the 80 ML
sample resulted in ¢=(0.3458+0.0002) nm, i.e., in €,
=—(2.45+£0.07)% and c¢/a=0.958. This contraction corre-
sponds to (93+5)% of the expected full strain and indicates
only minimal strain relief. The out-of-plane correlation
length calculated from the linewidth is close to 80 ML, indi-
cating a homogeneous strain and a virtual absence of stack-
ing faults within the film. This result differs from the
LEED-IV result, which showed a significant relaxation in the
80 ML film. However, this difference can easily be attributed
to the Cu coverage, which stabilizes the strain of the Co film
from the top side. Due to this, the strain in our films is more
stable than in uncovered films, demonstrating the inapplica-
bility of surface methods to determine the strain in buried
layers.

On the other hand, a significant strain relief was found in
the Cu-covered 280 ML film, where only 45% of the strain
remained. As expected,'* this strain relief is accompanied by
stacking faults within the film, leading to a reduced correla-
tion length of about 110 ML. Strain relief was also observed
after annealing of the 80 ML film. This film showed 80% and
70% of the maximum strain after annealing at 300 °C and
400 °C, respectively, both accompanied by some reduction
in the correlation length.

Both the LEED and the XRD measurements have been
performed at room temperature, as opposed to the NMR
measurements that are performed at 2 K. However, since the
temperature dependence of the Co and Cu lattice parameters
is very closely similar, no difference in the structure or the
strain of the films is expected.

Thus, in our covered 80 ML Co film not more than 10%
of the epitaxial strain is relaxed. This indicates that the strain
relief is minor for all films up to this thickness, agreeing with
the NMR results shown in Fig. 1 where no shift of the reso-
nance line is observed for layers of 20, 40, and 80 ML thick-
ness. Very thick films or annealed films do show a significant
relaxation accompanied by a reduction of homogeneity. The
films can be described as pure fct Co(001) since the (tetrag-
onal) strain is homogeneous over the film and only a single
orientation is present.

C. NMR

The fct phase is expected to have specific NMR properties
that are exclusively observable if the structural quality is
comparable to that of bulk fcc cobalt. Having established the
presence of a stable and homogeneous fct phase (Sec. III B)
with a very high structural quality (Sec. III A), we can test
the observability of these properties. We will consecutively
look at the direct influence of the strain on the Co hyperfine
field, at the presence of quadrupole splitting due to the ex-
pected constant electric field gradients (EFG’s) in the film,
and at a measure of the film quality following from this.
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FIG. 2. (Color online) NMR spectra for a Cu(001)/80 ML
Co/Cu film, for both in-plane and out-of-plane saturation. Both the
difference in the hyperfine fields and the difference in the linewidths
are clearly observable.

Meanwhile we will analyze these features to check if they
can provide extra information on the structure and strain in
the film.

1. Hyperfine fields

An influence of the volume strain on the hyperfine field,
By, is often observed in NMR. The enlarged volume of Co
grown on Cu(001) leads to a reduced hyperfine field and thus
a frequency shift. Unstrained fcc Co has a resonance fre-
quency of 217.2+0.1 MHz at liquid He temperatures (Byy
=-21.60 T).!%:1321.22 The relative NMR frequency change is
linearly proportional to the relative volume change: Af/f
=ABy¢/Bp=—(1.13+0.01)AV/V at room temperature>3+647
with f the NMR frequency. At low temperatures the propor-
tionality constant may be estimated to be —1.16+0.06.%*

However, if the cubic symmetry is broken, the hyperfine
field is anisotropic:*!" By(6)=Bugiso+ 3 Bng.ani(3 cos® 1)
with B¢, and By, the isotropic and anisotropic parts of
the hyperfine field, respectively, and @ the angle with the
symmetry axis, i.e., the film normal in our system. If the
effects are independent, By, is expected to change with the
volume strain, as indicated above, while By, may be ex-
pected to be roughly proportional to the tetragonal deforma-
tion ¢/a. Since, for maximum sensitivity, the thin-film NMR
analysis is commonly performed without an applied field,’
the anisotropy of the hyperfine field is usually ignored as it
can only be observed by means of applied fields.

In order to determine By ,,;, the samples were measured
in a field of several Tesla applied both in the plane of the
sample and perpendicular to the sample. For the perpendicu-
lar measurements the 1.80 T demagnetization field has to be
taken into account. Resulting spectra for an 80 ML Co film
are plotted in Fig. 2. An anisotropy of By
=(+0.20£0.01) T is found, which is not dependent on the
thickness for films of 10, 20, 40, and 80 ML. The anisotropy
for the 280 ML film and the 80 ML film after annealing is
significantly smaller, but could not be determined accurately
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enough for a quantitative comparison. The maximum aniso-
tropy is about three times smaller than that of the hcp Co
(Bhf,ani: +0.57 T)

Byiso can be determined from the same measurements
and a value of (-21.24+0.01) T (i.e., about 0.1 T smaller
than the in-plane hyperfine field measured in zero applied
field, where the difference is caused by the anisotropy) is
found for all films up to 80 ML thickness, corresponding
to a constant volume strain of AV/V=(+1.44+0.08)%.
We determine €, by combining the volume strain with
€,=(-2.45+0.07)% as determined by XRD (Sec. III B)
and find €=(+1.95+£0.08)%, confirming the almost full
strain. The ratio y between €, and € [Eq. (1)] is then
v=(~1.26+0.04), in good agreement with the expected
v=-1.32+0.03.

Smaller strains are obtained for the 80 ML film after an-
nealing at 300 °C and 400 °C and for the 280 ML film (in
order of decreasing residual strain). Although for each of the
films the value of 7y is in reasonable agreement with the
expected value, there seems to be a small, linear dependence
of the value of y on the residual strain in the film. Further
measurements are necessary in order to analyze the signifi-
cance and origin of this effect.

Thus, we have observed both a change and a significant
anisotropy of the hyperfine field compared to the value for
bulk fcc Co. The anisotropy is commonly ignored in the thin
film NMR analysis, but should be taken into account when
performing a quantitative strain analysis. The change of the
hyperfine field in combination with the XRD measurements
allows us to determine the elastic properties of the film.

2. Quadrupole splitting

A noncubic environment induces electric field gradients.
A nucleus possessing a quadrupole moment (i.e., *Co) inter-
acts with these field gradients and a splitting of the NMR
lines occurs.!" In most systems this splitting is too small to
be observed directly by a spin-echo NMR experiment and
will only lead to a broadening of the resonance line. This
broadening will be anisotropic because the quadrupole split-
ting is anisotropic:

v, () = V0 + %vq!ani(?) cos® - 1), (2)

with v, i, and v, ,,; the isotropic and anisotropic parts of the
splitting and ¢ the angle with the symmetry axis,!' in our
case the film normal. The isotropic part, the so-called local-
ion contribution, is relatively small for Co (Refs. 11 and 25)
and the anisotropic part which depends on the strain will be
the major contribution.

In fcc Co the total EFG is indeed known to be very small
and equal to the isotropic part of the hcp-Co EFG,? but for
fct Co quite significant EFG’s are expected dependent on the
deviation from the cubic symmetry.

In Fig. 2 the resulting difference in the linewidth for the
two magnetization directions can indeed be observed and is
found to be 0.04 T (about 30% of the total width).

In principle, the quadrupole splitting can be directly esti-
mated from this linewidth anisotropy, but an easier and more
accurate method is available. A splitting of a resonance line
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into several evenly spaced components which are too close
together to be resolvable can be observed as a modulation of
the (otherwise exponential) spin-echo intensity decay.'!-20-28
These modulations can only be observed if the EFG is ho-
mogeneous throughout the entire film since an inhomoge-
neous EFG will lead to a distribution of modulation frequen-
cies. In thin films the EFG is usually not homogeneous
enough and the effect has until now only been observed in
bulk materials. For thin films only exponential or doubly
exponential spin-echo decays have been reported up to now.’

In Fig. 3(a) the spin-echo intensity for a 20 ML fct-Co
film is plotted as a function of the time 27 between the first
pulse and the echo. This figure shows a clear modulation of
the echo decay (for comparison the corresponding unmodu-
lated decay is also plotted) over more than one decade of
intensity. This figure strongly resembles the spin-echo modu-
lations observed for bulk hcp Co by Fekete et al.,''? al-
though the damping in our case is significantly faster. This
unique result is a direct proof that our films are of very high
quality and much more homogeneous than any other thin Co
film measured up to now by NMR.

The modulations can be fitted well by a slightly modified
version of the function used by Fekete et al.,''*"?° consisting
of exponentially decaying harmonics on an unmodulated
background. In order to accurately fit our results a few addi-
tional terms to the formula are needed: a third harmonic
term, slightly different decay times for each harmonic term
and a doubly exponential overall decay as commonly ob-
served in thin films.® The resulting function is suitable to fit
the curves for all different samples and parameters. Most fit
parameters show only slight variations with the NMR fre-
quency and pulse power. Due to the relatively fast damping,
the uncertainty in the modulation frequency is a few percent
(see Sec. III C 3).

The echo modulation is accompanied by the observation
of multiple spin echoes, which have a different modulation
behavior than the normal first echo as shown in Fig. 3(b).
The second and third spin echoes have a two times and three
times as high modulation frequency, respectively, and the
second echo does not have an unmodulated off-set, exactly
as predicted from the theory.?’

The expected anisotropy of the modulation [following
from Eq. (2)] is demonstrated in Fig. 3(c). Measurements on
a 40 ML instead of a 20 ML Co film are shown because the
signal to noise ratio decreases strongly on the application of
an external field. v, for an in-plane applied field is closely
similar to that of the zero-field measurements, indicating that
the zero-field magnetization lies almost in-plane and that the
NMR signal thus results from Co in domains and not in
domain walls.” The absolute frequency for an out-of-plane
magnetization is about 50% higher than for an in-plane mag-
netization. This larger v, corresponds to the larger line width
for that orientation (Fig. 2).

The observation of the modulations is a direct proof of the
structural quality and the strength of the modulations can be
used as a measure of the structural quality. By, for example,
taking from the fit the number of modulations (N,,.,q) With an
amplitude larger than 10% of the unmodulated signal, this
measure can be quantified. Since the modulation strength
increases with the applied pulse power (linearly with
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FIG. 3. (Color online) NMR spin-echo intensity vs the time
between the first pulse and the echo. (a) The modulation observed
for a 20 ML Co film together with the fit and for comparison
the corresponding unmodulated decay. (b) Multiple echoes
are observed and show different modulation frequencies,
as expected. (c) The modulation for a 40 ML Co film, for a
field applied either in-plane or out-of-plane, showing an anisotropy
in the modulation frequency and thus in the quadrupole splitting.
All spin-echo decays were measured approximately in the center
of the NMR line, where the signal is the highest. (a) and (b)
were measured in zero applied field and had their magnetizations
roughly parallel to the sample plane. Note the different intensity
scales.
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0.19+0.02 modulation per dBm), this measure has to be
taken at the optimum RF pulse power or corrected to that
value. Our films have a constant N,,4=3.0+£0.1. The 280
ML film, the annealed films as well as some Co/Cu multi-
layers and films with thin Fe dusting layers on both sides
have significantly lower values of N,,.4, even though in some
cases this difference cannot be seen in the linewidth or shows
up only marginally in the XRD correlation length (Sec.
III B), which demonstrates the sensitivity of the NMR to
structural inhomogeneities. Nonetheless, the bulk hcp phase
measured by Fekete et al.!' has an even better structural
quality: Nyoq>7.

Although this measure is somewhat dependent on the
modulation frequency and may, for very thin films, be influ-
enced by nonlocal effects, it has an additional advantage that
it is also a measure of the disturbance of the regular NMR
measurement by the modulations, indicating when care has
to be taken with the interpretation of the exact line width and
position. In our case, the presence of the modulations is the
direct origin of the relatively low accuracy encountered in
the previous sections.

Thus, we have indeed observed a well-defined quadrupole
splitting in our films, both by means of an anisotropic broad-
ening of NMR line and the observation of spin-echo decay
modulations. The behavior of the modulations is similar to
that in hcp Co and multiple echoes and a clear anisotropy are
also observed. The modulations cause complications in the
regular NMR measurement, but their strength is a useful and
sensitive measure of the structural quality of this type of
film.

3. Measurement of electric-field gradients

Now that we have unambiguously demonstrated the pres-
ence of a well-defined and directly measurable electric-field
gradient in our films, confirming the presence of a uniquely
high-quality fct-Co phase, we can quantitatively analyze the
information provided by these measurements. In the next two
subsections we will investigate the quadrupole splitting and
the corresponding EFG as a function of the strain in the film.

The quadrupole splitting in the in-plane direction (in-
plane or zero applied field) is constant from 15 to 80 ML Co
thickness, as expected because of the closely similar strains,
and is |v,(90°)|=(191£3) kHz. Note that we cannot directly
determine the sign of the splitting. An accurate value of a
quadrupole splitting is best determined from a zero applied
field measurement, which has a large signal to noise ratio.

However, because of its anisotropy, the quadrupole split-
ting has to be determined in two directions, necessitating the
application of large fields. These measurements are much
more noisy and less accurate, making it much harder to de-
termine trustworthy values for each thickness. The damping
is somewhat too fast to accurately link the modulation to the
strain for the in-field measurements.

However, several general conclusions can be drawn. By
applying Eq. (2), the quadrupole splitting can be separated
into an isotropic and an anisotropic part. For both hcp and
fcc Co, the isotropic part is known to equal 12.7% of the
total hcp EFG,” corresponding to a splitting of |v |
=(24.4+0.6) kHz. Although two of our films show strangely
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deviating values (up to 50 kHz), the other values indeed give
|V, is0l =(24%3) kHz. For the anisotropic part, we find values
around |, ,,/=(300+30) kHz, where the large variation is
caused by the same two measurements that also show the
deviating v, i

We find strong indications that our determination of
v,(0°) (out of plane) may be disturbed by the fast relaxation
and the noise (since it has to be measured with an applied
field). It shows nonsystematic variations for different
samples while the in-plane modulation, which can be mea-
sured very accurately without a field, only shows gradual,
systematic variations with thickness or annealing.

Assuming that indeed the out-of-plane component is dis-
turbed for two of the measurements, we find |v, ;|
=(24+3) kHz for all samples and |, /=340, 334, and
328 kHz for the 20, 40, and 80 ML films, respectively, cor-
responding to a very small and gradual strain relief. Anneal-
ing of the 80 ML film at 300 °C and 400 °C leads to 270
and 245 kHz respectively, corresponding to the significant
relaxation of these films seen in Sec. III C 1.

The anisotropic part of the electric-field gradient follows
from the quadrupole splitting by v=(3eQV.,)/[21(2-1)h],
with Q the quadrupole moment. The 328 kHz anisotropic
splitting of the 80 ML film, thus corresponds to an EFG of
|Va|=(4.61+0.06)10" V/m™.

Although the accuracy of the out-of-plane quadrupole
splitting is sometimes doubtful due to the fast relaxation and
noise, the expected value of the isotropic splitting is repro-
duced. By using this value, the anisotropic splittings can be
accurately determined from the zero-field measurements
alone.

4. Calculation of electric-field gradients

We will now compare our results with the EFG’s originat-
ing from the strain in the film.

The EFG at a nucleus arises from the distribution of the
charge around it. The anisotropic part used to be calculated
by viewing the crystal as composed of positive point charges
at the lattices sites, together with a uniform compensating
electron charge and calculating the so-called lattice contribu-
tion by direct summation over the lattice sites.!! The real
anisotropic splitting was found to be directly proportional to
this lattice contribution for a remarkably wide range of
systems.3? Although this result is not ideal, since large em-
pirical antishielding factors have to be used and since actu-
ally full electronic calculations should be used,! lattice sum-
mation is still a useful way for determining the influence of
strain within one specific system.

The direct summation over the lattice sites of a homoge-
neous fct film reproduces the results by De Wette.>® The
influence of the finite film thickness can be neglected since
electric fields and their gradients are shielded within a few
atomic distances.** The result is given in Fig. 4.

In our case this lattice summation is very suitable since
we can directly compare our values with the known quadru-
pole splitting for hcp Co.!! Our only assumption is the equal-
ity of the universal correlation constant for fcc and hep Co,*
which is very reasonable since this correlation is indeed uni-
versal over most systems. With this assumption the ratio be-

155409-6



ELECTRIC-FIELD GRADIENTS IN THIN FACE-...

0.50 T T % T T
\
‘\ 1.000
025 fce T
LN 0.801  fee fattice \ (&)
S \
w \
E - /\ /
o N
v
N
¥ N \
'—>N 025k 0.701 l'le\ 4
(bee) laltice\\
\
_0'50 1 1 1 1
0.6 0.7 0.8 0.9 1.0 1.1 1.2

c/a

FIG. 4. (Color online) Calculated lattice term to the electric-
field gradient (EFG), to which the real EFG is expected to be pro-
portional, both for a fcc/fct lattice and an hcp lattice as a function of
the strain. The resulting EFG has units V m™2 and Z is the ionic
charge (Ref. 32). Note that for hcp a reduced c/a is taken, where
c/a=1 corresponds to unstrained hcp.

tween the anisotropic quadrupole splitting for fct and hep Co
is equal to the ratio between the lattice contributions for both
systems and, because the lattice contribution for our fct sys-
tem is the only unknown of these four, we can determine it
without having to go into the details of the physically some-
what dubious antishielding factors.

The hcp Co anisotropic quadrupole splitting is 170 kHz
and the lattice contribution V!‘(hcp)=(Ze)/(4meya’)
X 0.0548.1%5 For our 80 ML film the quadrupole splitting
is 1.9 times as large and thus Vii”(fct):(Ze)/ (4meya’)
X (0.106+£0.002). From the calculations represented in
Fig. 4 follows (c/a—1)=—(4.65+0.3)% corresponding to
€=Aal/a=+(2.0+0.1)% [Eq. (1)]. This result is in excellent
agreement with the measured strain (Sec. IIIC 1) of
g=Aala=+(1.95+0.1)%.

The slight decrease in the quadrupole splitting for increas-
ing the Co thickness from 20 to 80 ML would correspond to
a strain relief of about 3% which is not significant in view of
the experimental errors. There may indeed be some strain
relief in this range,’ but if there is, it is only very minor. The
decrease in the EFG for the annealed 80 ML films (to 75%
and 65% respectively) agrees roughly with the decrease in
strain as seen from the NMR line shift and the XRD results.

Thus, our measurement of the EFG agrees well with the
measured strains. For Co thicknesses of 12 ML and less, the
modulation frequency increases slightly and for very thin
films (6 or 7 ML Co) decreases steeply. We attribute these
effects to the influence of the line splitting due to the
interfaces,'? which become observable at the same thick-
nesses, and to possible influences from the interfaces directly
on the EFG.3* This is corroborated by the observation of
small changes in the EFG as a function of the NMR fre-
quency in a 15 ML Co film. Since the different frequencies
correspond to different distances from the interface,'? this
means that nonlocal effects on the EFG are indeed observed.

We have shown by a very simple method that the strain
corresponding to our measured EFG agrees excellently with
the strain determined in Sec. III B. For extremely thin films
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we can observe direct influences from the interfaces, how-
ever, we cannot measure them accurately enough for a quan-
titative analysis.

IV. DISCUSSION

We will now compare the structural results, the EFG mea-
surement method, and the measured EFG with reports in the
literature. After that, we will analyze why the linewidth of
our films is larger than that of the bulk fcc Co even though
the structural quality is expected to be comparable.

Our results on the development of strain in the films ob-
tained by LEED and XRD (Sec. III B) differ in some re-
spects from those published in the literature. Many studies
have been performed on the growth of the first few ML of Co
on Cu(001) or on the growth of Co/Cu multilayers. The
number of studies on the growth of single Co films thicker
than about 10 ML is quite limited. Most studies find almost
layer-by-layer growth above 2 ML thickness and up to at
least 20 ML.35> However, the values for the strain vary
somewhat!®3637 and the distinction between polycrystalline
and single-crystalline elastic constants is not always made.
Strains are determined by LEED and the variation in results
seems to confirm that care has to be taken with this kind of
measurement when using it to obtain absolute values of the
lattice parameter for films thicker than a few ML.

Studies of even thicker layers have been performed by
Weber et al.’ and Schindler et al.3® Schindler et al. found the
presence of two Co phases with different strains for films
thicker than 10 ML, which may be specific for the elec-
trodeposition method used. Weber et al. measured the in-
plane lattice spacing of MBE-grown Co films up 40 ML
thickness on Cu(001) by reflection high-energy electron dif-
fraction (RHEED). They found a fully strained phase up to
10-15 ML of Co depending on the growth temperature and
above that thickness an exponential relaxation to a (extrapo-
lated) residual strain of about 70-80 % of the maximum
strain. This result corresponds to ours in the prediction of
large residual strains for thick films (80-85 % of the full
strain for 40-80 ML Co films). In our case, the residual
strain in this range is even higher due to the influence of the
Cu top layer. The observed strain relief reported for uncov-
ered Co layers is partly a reversible property of Co surface
layers, which may be undone by subsequent Cu coverage.
However, the strong strain relief in our thickest film is an
irreversible event, different from the extrapolated behavior of
the thinner films.

Several other methods are used in the literature to deter-
mine the EFG’s. The easiest is continuous wave NMR which
has a high enough resolution to directly resolve the splitting
in one of the orientations in hep Co.2® Its sensitivity is, how-
ever, too low to be applied to thin films.

Most EFG measurements employ radiative detection from
oriented radioactive nuclei implanted in a metal matrix, e.g.,
perturbed angular correlation spectroscopy (PACS), nuclear
magnetic resonance on oriented nuclei (NMR-ON) and
modulated adiabatic passage on oriented nuclei
(MAPON).3-#2 Especially MAPON is very sensitive even to
small EFG’s and has been successfully used to determine the

155409-7



WIELDRAAIJER, DE JONGE, AND KOHLHEPP

EFG of Co in unstrained fcc Co.2> It has moreover the ad-
vantage that the EFG distribution and sign can be determined
directly. However, the implantation of radioactive ions in our
thin films may significantly influence their properties and
quality. An alternative might be the irradiation of the layer
with thermal neutron in order to produce the necessary Co,
which may be expected to cause much less damage. This
analysis might be a useful object for future MAPON studies.

Hardly any studies have been performed concerning the
influence of the strain within a single material (as opposed to
the many studies concerning the hcp metals with different
c¢/a ratios) and those performed do not present a quantitative
analysis.*** Thus, we cannot compare our results on the
influence of strain directly with other experimental papers.

We can, however, compare the isotropic part of the EFG
in our system with that in other Co systems. Although for
specific impurity atoms, an EFG depending on the orienta-
tion with respect to the different crystallographic axes has
been found,* only an axially symmetric lattice contribution
and an isotropic local ion contribution have been observed
for Co.!'1:?5 For fcc Co the lattice contribution is absent (due
to the cubic symmetry) and the observed EFG is equal to the
isotropic part in hcp Co. This agrees with the expected addi-
tivity of the lattice and local ion EFG’s. We find the same
absolute value for this isotropic EFG, however, of opposite
sign. For hcp Co the isotropic and anisotropic parts have
equal sign, for fct Co we find them to have opposite sign.
This sign change can be derived directly by means of the
ratio between v,(0°) (out of plane) and v,(90°) (in plane)
and Eq. (2): if the ratio between v,(0°) and v,(90°) is larger
than 2 then v, ;,, has the same sign as v, ,,;, while if the ratio
is smaller than 2 the signs are opposite. Since the anisotropic
lattice contribution, v, ,,;, has the same sign for hcp Co and
fct Co (both have a c/a ratio below the symmetric value, see
Fig. 4), this means that the local ion contribution has
changed signs in this system. Although we can only accu-
rately determine the quadrupole splitting without an applied
field, our field measurements are still accurate enough to
reliably determine these signs. It is not clear what causes this
effect, but maybe the additivity of lattice and local ion con-
tribution is somewhat less straightforward after all. Further
measurements on other systems, together with a comparison
with electronic-structure calculations for these systems, are
necessary to study the origin of this effect.

Finally, we will analyze the linewidth in our films. The
observation of well-defined EFG’s tells us that our films are
very homogeneous. Such a film should have an NMR line-
width comparable to that of high-quality bulk material. How-
ever, several effects inherent to strained thin films influence
our linewidth and have to be taken into account when com-
paring widths.

As a typical example, we take our 20 ML Co film, which
has a linewidth in zero field of 0.19 T FWHM, where for
accuracy reasons the FWHM is determined from the width of
a Gaussian fit of the entire line. This value is significantly
larger than the 0.07 T found for bulk fcc films.

However, several effects inherent to the thin fct films are
responsible for most of this broadening. The anisotropic hy-
perfine field causes 0.03 T broadening in a zero-field mea-
surement compared to a measurement with an applied field
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in-plane, due to the slight distribution around the in-plane
magnetization without an applied field. Secondly, the inter-
faces cause a broadening by a direct and long-ranging modu-
lation of the hyperfine field per monolayer.'? In very thin
films the second, third, and fourth ML from an interface are
resolvable as satellites while for the further ML'’s there is a
very slowly decaying modulation on the hyperfine field. Ig-
noring the satellites, which are hard to see in a thicker film,
during the fitting, results in an overestimation of the line-
width by 0.02 T. Also the small modulation causes a broad-
ening of the NMR line by about 0.02 T, as seen from the
simulation. In the third place there is the quadrupole split-
ting, which causes a broadening of 0.03 T in a parallel ori-
entation and of 0.07 T in a perpendicular orientation (using
seven Gaussian lines with intensity ratios 7, 12, 14, 15, 14,
12, and 7, following from the Clebsch-Gordan coefficients).
The basic linewidth, without any of these effects is 0.09 T,
not much higher than that of bulk fcc Co and the anisotropy
of 0.04 T agrees well with the measured value. Similar re-
sults are found for both thinner and thicker films.

We can thus conclude that hardly any broadening due to
defects, local strain variations, or long range effects of dis-
locations is present and that we can understand both the line
width and the line width anisotropy quantitatively.

V. CONCLUSIONS

We have grown thin Co films on Cu(001) single-crystal
substrates by MBE. These films are found to be in a
homogeneously-strained fct phase. Films up to 80 ML show
more than 90% residual strain relative to perfectly lattice
matched Co on Cu(001). By combining XRD and NMR
measurements, we find that the behavior of the Co is well
described by the elastic theory. The somewhat larger strain in
our systems compared to earlier results in the literature’ is
probably caused by the Cu coverage layer, emphasizing the
significant difference between uncovered and covered thin
films.

We observe a breakdown of the gradual strain relief for
films of several hundred A, which have a much smaller re-
sidual strain than predicted by extrapolation. The large re-
sidual strain only occurs for direct growth on Cu single crys-
tals, growth on Cu buffer layers results in a strong gradual
strain relief that decreases the structural quality.

The NMR linewidth of these films is comparable to that
found in bulk materials, i.e., an order of magnitude smaller
than usually found for thin fcc or fct films, confirming the
virtual absence of inhomogeneities, defects, and dislocations.

We have directly observed the influence of the tetragonal
Co deformation on the hyperfine field by NMR. This has not
been possible before since a well-defined fct phase can only
be stabilized in thin films and these never had the requisite
quality up to now. The deformation results in an anisotropic
hyperfine field, an anisotropic linewidth, and a well-defined
anisotropic quadrupole splitting which is observed by modu-
lations of the spin-echo decay. The electric-field gradient in
the film, which is responsible for the quadrupole splitting,
agrees well with the value expected from the strain. The
observability of this effect indicates an extremely high qual-
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ity and homogeneity in the thin film structure. The strength
of the modulation can be used as a quantitative measure of
the film quality. For very thin films (thinner than 15 ML) a
slight position dependence of the EFG is observed due to a
small direct influence from the interfaces.

We can conclude that fct Co on Cu(001) is a very well-
defined phase with an almost thickness independent strain
and structural quality up to at least 80 ML Co. This system,
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in principle, provides an extra Co phase (next to hcp, fcc,
and bec) that may, for example, be used in spintronic model
systems for studying the influence of band structure and elec-
tronic properties by varying the phase of the magnetic elec-
trode. Furthermore, nuclear magnetic resonance and espe-
cially the measurement of electric-field gradients have been
shown to be an ideal tool for determining the local structure
and its homogeneity and quality in thin Co films.
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