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Co2MnSi films were recently reported to show a significant increase in current-perpendicular-

to-plane-giant-magnetoresistance upon annealing. Here, nuclear magnetic resonance was used to

study the impact of annealing on the structure of such films. Below 550 �C, no long-range L21-order

is observed, while annealing above 550 �C leads to the formation of the ideal L21 configuration,

however, with a distinct degree of off-stoichiometry. Further evidence from restoring field

measurements hints that interdiffusion may account for the drop in magnetoresistance observed for

samples annealed above 600 �C. These results show that optimizing films for spintronics involves the

identification of the best annealing temperature, high enough for long-range order to emerge, but low

enough to maintain smooth interfaces. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4811244]

Half-metallic ferromagnets (HMFs) are excellent candi-

dates for improving the performance of spintronic devices.1–3

In HMFs, all conduction electrons are 100% spin-polarized.

Co2YZ Heusler compounds with an L21-ordered structure, rep-

resent an especially favorable family of compounds for HMFs.

In addition to the prediction of fully spin-polarized conduction

electrons, many Heuslers, such as Co2MnSi (CMS), have

shown elevated Curie temperatures and large magnetic

moments per formula unit (for CMS, 985 K and 5 lB, respec-

tively (Ref. 4)), making them suitable for applications.5,6

For example, read heads in modern hard disk drives uti-

lize either the giant (GMR) or tunnel magneto-resistance

(TMR) effect. Current-perpendicular-to-plane-giant-magne-

toresistance (CPP-GMR) read heads offer some advantages

compared with TMR read heads due to their lower resistance-

area products and their reduced noise.7 Sakuraba et al.
reported a notable rise in the magnetoresistance (MR) ratio

measured on CPP-GMR devices based on CMS/Ag/CMS

with increasing annealing temperature (Tanneal). A maximum

of 67.2% (36.4%) at 110 K (300 K) was found in the device

annealed at 550 �C.8 The MR ratio was also shown to drop

sharply for samples with higher annealing temperatures.8 An

explanation of the evolution of the films’ atomic structure

under annealing was attempted employing x-ray diffraction

(XRD). However, for such compounds comprising elements

from the same periodic row (e.g., Co and Mn), the scattering

factors are too similar to resolve differences in local, struc-

tural configurations in an XRD pattern.9 Therefore, a local

probe technique such as nuclear magnetic resonance (NMR)

is required to investigate and resolve the structural ordering

unambiguously. (See supplementary material for details of

the NMR setup and experiments,21 and Ref. 10 for an NMR

review.)

We report here that upon increasing the annealing tem-

perature, the atomic ordering in the films is ameliorated

towards the ideal L21 configuration. We were also able to

identify and quantify a small off-stoichiometry attributed to

Co occupying Mn positions caused by the sputtering process.

However, the observed drastic drop in the MR ratio for CPP-

GMR devices annealed above 550 �C (Ref. 8) is not originat-

ing from the additional evolution of disorder, but more likely

from interdiffusion at the Ag-CMS interfaces.

Both 59Co and 55Mn NMR spectra were measured on as-

deposited films and such annealed at 400, 500, 550, and 600 �C.

An overview of the 59Co spin-echo NMR spectra of the films,

with a comparison to bulk CMS, is presented in Fig. 1. Spectra

for the as-deposited and at 400 �C annealed films (not shown)

did not reveal clear peaks distinguishable from background

noise, indicating a lack of the long-range order of a magnetic

Heusler structure. The 500 �C film exhibits two main peaks: P1,

at around 143 MHz, corresponds with the appearance of envi-

ronments roughly resembling an L21-type order with a broad

low-frequency shoulder, and around 117 MHz is a smaller peak

P2. (see supplementary material for details of P2).21

The films with Tanneal � 550 �C exhibit a strong

enhancement of P1 with respect to P2, and P1 also narrows

and shifts up to 146.5 6 0.5 MHz; coinciding with the NMR

line for the bulk CMS, as indicated in Figure 1. These

changes imply the onset of long-range true L21-type Heusler

order. Additionally, for the 600 �C film we see a low fre-

quency spectrum different from that of the 550 and 500 �C
films, which we believe is the appearance of a foreign phase

(conceivably formed in response to interdiffusion at the

interface between the Ag and CMS layers), which may

explain the drop in MR ratio in devices annealed above

550 �C (for discussion see below).

We start our analysis by discussing the results from the

film annealed at 550 �C (where also the highest MR ratioa)Electronic mail: s.wurmehl@ifw-dresden.de
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within the series of annealed CPP-GMR devices has been

reported (Ref. 8)). The main resonance line in the 59Co

NMR spectrum for this film (P1 in Fig. 1) corresponds to the

frequency expected for fully L21-type CMS structure, with a

first Co coordination shell of 4Mnþ4Si. In addition, a

shoulder is observed on the low-frequency side of the main

line, which can be decomposed into a superposition of addi-

tional satellite lines with comparable spacing (2.9 MHz) and

linewidths (1.4 MHz). A similar shoulder on the high fre-

quency side is not observed. The absence of resonance lines

on the high-frequency side of the main line rules out inter-

mixing of any two (or all three) of the atoms from their nom-

inal lattice positions, and hence the usual types of antisite

disorder encountered in Heusler compounds10–12 (see supple-

mentary material for discussion on NMR signatures for other

orderings).21

Eliminating the common types of disorder, we can now

look into the possibility of an element on one position replac-

ing another on a different position one-sidedly, rather than an

intermixing of both elements on both positions. Such a situa-

tion would be expected if the films are off-stoichiometric; sev-

eral groups have indeed reported off-stoichiometry in X2YSi

Heusler films grown by sputtering.13,14 An off-stoichiometry

related to excess of magnetic Y atoms (e.g., Mn) replacing

magnetic X atoms (e.g., Co) yields additional resonance lines,

but on the high frequency side.14 This observation agrees with

first principle calculations, which predict the magnetic

moment on Mn atoms to be greater than on Co atoms for

Co2MnSi.15 Therefore, it seems natural to assign the addi-

tional lines on the low frequency side to excess X atoms on

the Y position. Therefore, as a simple starting model, we

hypothesized that the origin of the low-frequency shoulder is

due to excess Co occupying Mn sites (CoMn antisites).

In order to confirm our prescribed model for the film

annealed at 550 �C, we checked the NMR spectrum of a poly-

crystalline bulk sample intentionally prepared with a small

off-stoichiometry, namely Co2.1Mn0.9Si, which was annealed

at 550 �C after growth. With such a stoichiometry one would

expect a Heusler structure with 10% of Mn sites replaced by

the excess Co atoms (i.e., Co2(Co0.1Mn0.9)Si). Indeed the
59Co spectrum revealed a very similar shape to that of the

film annealed at 550 �C, as can be seen in Fig. 2. The pro-

nounced shoulder on the low frequency side, tentatively

assigned to CoMn antisites, is essentially absent in the stoi-

chiometric Co2MnSi bulk sample but qualitatively resembles

the spectrum of the 550 �C thin film, thus lending support to

our model which we now investigate quantitatively. In addi-

tion, the inset in Fig. 2 shows that in the low-frequency range

the bulk off-stoichiometric sample does not show the P2

peak seen in the films, thus indicating that the local environ-

ment(s) responsible for such a line in the NMR spectrum is

not related to the shoulder of P1, i.e., Co occupying Mn posi-

tions, and possibly emerges only in thin films prepared under

given conditions.

To interpret the physical coordination shell environ-

ments from the measured spectra, we fit the spectrum using a

sum of Gaussian lines and compare the relative areas of these

lines to the probabilities calculated from a random atom

model,16 which is essentially a specific application of the bi-

nomial distribution function,

Pðn; xÞ ¼ N!

ðN � nÞ!n!
ð1� xÞN�nxn: (1)

Here P(n, x) is the probability of n of the N sites being an

atom of concentration x on those N sites. For instance, when

considering the Mn (4b) sites in the first coordination shell

of 59Co, N is four, and n can run from zero to four in integer

values, corresponding to the number of the N sites occupied

by a specific element. These probabilities depend on the con-

centration x, running in value from 0 to 1, of the specific

atomic element of interest.

It is possible to fit the spectrum using four Gaussian

peaks, as shown in Fig. 3(a). The relative areas of the lines

are compared to a binomial distribution with n (integral val-

ues 0 – 4) being the number of Co antisites on the nearest

neighboring 4 b sites. In Fig. 3(b), we show a histogram com-

parison between the integrated relative areas of the Gaussian

FIG. 1. Comparison of the 59Co spectra of films with nominal CMS stoichi-

ometry annealed at 500, 550, and 600 �C. The 500 �C film has been scaled

up by a factor of 9 with respect to the 550 and 600 �C films. The spectrum of

bulk CMS has been added to show that P1 corresponds to Co nuclei with

local L21 order.

FIG. 2. 59Co NMR spectrum for off-stoichiometric bulk Co2.1Mn0.9Si, meas-

ured after annealing at 550 �C, in direct comparison with the qualitatively

similar spectrum from the film annealed at the same temperature, as well as

the bulk CMS data. Inset shows low-frequency P2 peak (scaled up by factor

of 10) absent in annealed bulk sample.

242404-2 Rodan et al. Appl. Phys. Lett. 102, 242404 (2013)
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lines and the probabilities from a random atom model with

x¼ 0.12, or 12% of 4 b sites being substituted with excess

Co. To be convinced that this is indeed the best possible

match, we have included in Fig. 3(c) a plot showing the dif-

ferences in percentage between the relative areas of the

Gaussian line fit and the probabilities from the binomial

model for different values of x, illustrating that the best fit is

for 12 6 1%.

To investigate the validity of the replacement of 12% of

Mn sites with excess Co, we also measured the 55Mn NMR

spectrum for the same 550 �C-annealed film, which occurred

in the higher frequency range of 349-361 MHz. It was found

after fitting the spectrum with Gaussian lines, that a binomial

model fit with 13% is the best match for all lines. Thus the

model applied to the 59Co spectrum also describes the 55Mn

data convincingly (see supplementary material for details on

spectrum and analysis).21

With our assumed off-stoichiometry between the Mn

and Co now validated through the agreement of the 59Co and
55Mn spectra, and by comparison with the off-stoichiometric

bulk sample, we proceeded to see how the films evolve with

higher Tanneal. For the 59Co spectrum of the 600 �C film, as

shown in Fig. 1, the obvious change is a narrowing of the

combined spectrum, indicating a reduction in the low-

frequency shoulder and thus an overall improvement of the

atomic order. We can fit the spectrum around P1 with 3

Gaussian lines of equal width and positions as for the 550 �C
film, and find that the relative areas of these lines best match

a binomial distribution corresponding to a substitution of

11% of Mn sites with CoMn antisites. Again, the 55Mn spec-

trum for the 600 �C film reveals a similar narrowing on the

high-frequency side of the main line and a best match of 11%

between binomial model and Gaussian line fitting (see sup-

plementary material for details on spectra and analysis).21

Therefore, annealing these films at high temperature (up

to 600 �C at least), seems to increasingly improve the overall

atomic order, regardless of an intrinsic off-stoichiometry of

�12% assumed to be present in all films from sputtering.

Thus a similar or even rising spin polarization is expected

with increasing annealing temperature, and therefore increas-

ing MR ratios in corresponding CPP-GMR devices. However,

this is contrary to the reported results,8 where the MR ratio

rapidly falls to zero for devices annealed above 550 �C. In

order to have high MR ratios, the devices need both a high

spin-polarized current17 as well as smooth interfaces to maxi-

mize spin injection.18,19

Let us consider the possibility of interdiffusion of Ag

from the buffer layer into the Heusler film as explanation for

the drop in MR of films annealed above 550 �C. The current

experimental parameter in our NMR experiment was chosen

in such a way that the NMR signals stemming from the bulk

are well resolved, but that NMR signals stemming from Co

at the Co-Ag interfaces are hidden in the background signal.

This is in particular true for Co nuclei located in an interdif-

fused region where different numbers of Ag atoms from the

former smooth interface would have moved into the bulk

film due to elevated annealing temperatures. Hence, a direct

observation of NMR lines related to the interface is excluded

and the low-frequency P2, and broader peak(s) seen in the

600 �C film (Fig. 1), most likely do not correspond to interfa-

cial Co and Co near diffused Ag, respectively.

However, there is a more indirect method to shed light

on the interdiffusion from the interfaces as the magnetic

properties of the films can be investigated via the restoring

field (Hrest), and how the evolution upon annealing compares

with the static coercive field (Hc) measured previously and

reported in Ref. 8. Hrest is an effective field originating from

a resistance to magnetic oscillations, and is proportional to

the square root of the optimal power (i.e., the power produc-

ing the maximum spin-echo intensity) of the applied rf

pulses.10,20 This provides a measure of magnetic stiffness or

magnetic anisotropy on a local scale, compared with the

macroscopic domain wall stiffness described by coercive

fields from SQUID magnetometry.10,20 Fig. 4 shows the

Tanneal-dependence of the square roots of the optimal power

for the main P1 line, plotted along with the Hc values for the

samples as reported in Ref. 8. Upon comparing these graphs,

one first notices that the film with the minimum Hc (magneti-

cally softest) corresponds to the film with the minimum Hrest

(largest enhancement), as expected. The increasing Hrest and

Hc with lower annealing temperature are also expected due

to magnetic pinning at the many defect sites present in these

highly disordered samples. If the structural ordering in the

FIG. 3. (a) 59Co spectrum of the thin film with nominal CMS stoichiometry

annealed at 550 �C. The inset shows that the main line matches that meas-

ured from a bulk sample with confirmed CMS stoichiometry. (b)

Comparison of the relative areas of the Gaussian lines with a binomial fit

with 12% of Mn sites being randomly occupied by excess Co atoms. (c)

Differences between fit and binomial models with different concentrations

(x) of Co show that 12 6 1% indeed corresponds with the spectrum.
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Heusler films has been shown to improve upon annealing at

temperatures above 550 �C (as done in this report), a

decrease or saturation of Hrest and Hc should be expected.

However, it is clear that both fields increase for higher

annealing temperature, representing further evidence for

interdiffusion at the Ag interfaces as the culprit for the dras-

tic drop of MR in the CPP-GMR device annealed at 600 �C,

as was conjectured by Sakuraba et al.8

In summary, we have shown that samples annealed below

550 �C show no long range Heusler order, but annealing at

and above 550 �C clearly evokes L21 type ordering in CMS

films. By comparing the 59Co NMR spectra of the thin films

annealed at 550 �C and 600 �C with the bulk samples, we have

shown that the source of the shoulder on the low frequency

side of the main resonance line observed in the films stems

from the off-stoichiometry between the Mn and Co, namely

Co occupying up to 12% of Mn sites. With increasing anneal-

ing temperatures, we have shown an evolution in the films

towards an L21-type order, and the presence of an appreciable

off-stoichiometry. The decrease of the main line shoulders in

both the 59Co and 55Mn spectra proves that DO3 disorder does

not increase above 550 �C, as was previously predicted from

XRD data.8 Ruling out this type of disorder as the cause of the

drastic drop in the MR ratio reported for the 600 �C-annealed

device,8 the drop appears to result from interdiffusion at the

Ag/CMS interfaces, which possibly catalyzes the formation of

the secondary phase observed at lower frequencies (P2). Thus,

the optimization of CMS films for spintronic applications

appears to include a procedure of fine-tuning the underlying

atomic structure by annealing at an optimized temperature

where maximum L21 order is obtained, but simultaneously

interfacial interdiffusion or the emergence of unfavorable sec-

ondary phases is avoided.
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