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The off-stoichiometric Heusler alloys, such as Ni50Mn25þyX25�y (X¼ Sn, In, Ga, etc.), have been

extensively investigated using a variety of experimental techniques to probe their interesting and

potentially useful magnetic properties. Recent 55Mn nuclear magnetic resonance (NMR) experi-

ments, carried out largely in zero field (ZF) and making use of the large internal hyperfine field at

the nuclear sites, have demonstrated the power of this approach in determining the ground state

magnetic characteristics of these materials. In particular, the results reveal that distinct nanoscale

ferromagnetic and antiferromagnetic phases coexist. A key parameter used in interpreting the NMR

data is the transverse relaxation time T2 which, inter alia, determines the NMR blocking temperature

TNMR
B of magnetic regions. The present experiments on a polycrystalline sample of a specific illustra-

tive alloy, Ni43Co7Mn40Sn10, which has received considerable attention, show that the application

of relatively small external fields, comparable to or greater than the local anisotropy field in the fer-

romagnetic cluster regions, produces dramatic changes in T2 and hence TNMR
B . The experimental

findings are discussed using an extended version of a recently proposed nanocluster model for super-

paramagnetic systems. It is demonstrated that the field and temperature induced changes in T2 pro-

vide a significant test of the model and lead to a notable advance in applying the NMR technique to

the investigation of the magnetic properties of this type of alloy. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4954732]

Off-stoichiometric Heusler alloys with composition

Ni50Mn25þyX25�y (X¼Sn, In, Sb, etc.) exhibit unusually

interesting magnetic, thermal, and structural behaviors that

make them attractive for device development. Considerable

attention has therefore been paid to understanding their phys-

ical properties.1–14 Recent investigations of the quaternary

system Ni50�xCoxMn40Sn10 (5� x� 8) have revealed partic-

ularly promising features for applications.15–23 Specifically,

the Ni50�xCoxMn40Sn10 phase diagram shows that as the

temperature is lowered, the representative x¼ 7 alloy under-

goes a transition from a paramagnetic to ferromagnetic (FM)

austenite (A) phase at TC � 430 K, followed by a displacive

transition to a martensitic (M) phase at TM � 370 K.23 The

martensitic phase transformation in this alloy is of special in-

terest as it features unusually low thermal hysteresis and a

large magnetization decrease (the M phase does not exhibit

long-range FM order).23 The discontinuity in the magnetiza-

tion at TM thus facilitates a quasi-reversible field-induced

M-A phase change, which, together with the observed mag-

netocaloric effect, provides opportunities in activators, sen-

sors, magnetic refrigerators, and thermal-to-electrical energy

conversion devices.24

The unusual magnetic properties of Ni50�xCoxMn40Sn10

at low temperatures in the M phase, which include superpar-

amagnetism (SP) and intrinsic exchange bias (EB) effects,

have attracted considerable interest.21–23 We have recently

shown that 55Mn nuclear magnetic resonance (NMR) (per-

formed primarily in zero applied field) provides considerable

information on the microscopic magnetic nature of these

alloys, wherein competing interactions give rise to nanoscale

magnetic phase separation into FM and antiferromagnetic

(AF) clusters.25,26 A key parameter in the cluster model used

to interpret the NMR results is the transverse nuclear relaxa-

tion time T2. In particular, it is the behavior of T2 that deter-

mines what we have termed the NMR SP blocking

temperature TNMR
B .25 The NMR spectrometer recovery time

for the detection of spin echo signals following large ampli-

tude radio frequency (RF) pulses is sm � 10ls. A particular

magnetic cluster in a heterogeneous material therefore has

T2 < sm above T ¼ TNMR
B and the NMR signals from the

region can no longer be detected at these temperatures. The

cluster is thus unblocked, on the NMR timescale, for

T > TNMR
B .

The present experiments on the representative alloy

Ni43Co7Mn40Sn10 examine changes in the NMR spin echo

response, and in particular that of the important parameter

T2, which are produced by an applied field l0H comparable

to, or greater than, the anisotropy field in the FM clusters

found in this material. The NMR results are analyzed using an

extension of the zero field cluster model for nanoscale phase

separated alloys that is mentioned above.25,26 It is shown that

the extended model can account for the changes in T2 witha)Author to whom correspondence should be addressed: hoch@magnet.fsu.edu
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l0H and also with temperature. The work provides an essen-

tial extension of the NMR approach to the investigation of the

magnetic properties of Heusler alloys and other SP systems.

Polycrystalline samples of Ni43Co7Mn40Sn10 were pro-

duced by arc melting high purity metals, followed by thermal

annealing, as described previously.19,22,23 The samples were

characterized using x-ray diffraction, neutron scattering,

spectroscopic, thermal, and magnetization techniques.19,22,23

Zero field (ZF) and low applied magnetic field 55Mn NMR

measurements were made with a spin echo spectrometer

operating in the range 200 to 450 MHz by making use of the

large hyperfine field l0Hhf (20–45 T) at 55Mn sites. The trans-

verse relaxation time T2 is determined from the decay of the

spin echo amplitude with pulse spacing. In general, the decay

curves exhibit stretched exponential behavior, i.e.,

exp� ðt=T2Þb, with b < 1. This indicates a distribution of T2

values due to the inhomogeneous nature of the alloy. When

setting pulse lengths, allowance was made for changes in the

NMR enhancement factor g, which are produced by changes

in either H or T. The enhancement factor is related to the ani-

sotropy field, HA, via g ¼ Hhf =HA.25

Figure 1(a) plots the measured frequency f at T¼ 1.6 K

for a particular 55Mn spectral peak F2, which occurs at

f0¼ 435 MHz in ZF, as a function of l0H. It has previously

been shown that the distinct spectral peaks at 400 and

435 MHz, which are designated as F1 and F2 in the full ZF

spectrum shown in inset to Fig. 1(a), are associated with Co

rich FM clusters with TNMR
B > 1.6 K, as discussed in Ref. 26.

(Note that we do not exclude the possibility that a fraction

of smaller clusters remain unblocked on the NMR timescale

even at 1.6 K.) Returning to Fig. 1(a) we expect f ¼ f0

�ðc=2pÞl0H for the FM peaks, where c=2p¼ 10.50 MHz/T

for 55Mn, and the slope of the dashed straight line in Fig.

1(a) for F2 is indeed �c=2p. Similar results are obtained for

F1. Fig. 1(b) shows the integrated area of peak F2 as a func-

tion of l0H. The areas were determined using multiple

Gaussian spectral fits as given in the inset to Fig. 1(a).

Allowance is made in Fig. 1(b) for changes in g (note the

y-axis). A large part (factor �3) of the increase in the ampli-

tude of F2 with l0H is due to field-induced alignment of

cluster moments and hence Hhf at 55Mn sites. Optimal align-

ment occurs when nuclear spins are oriented parallel to H
and perpendicular to the plane containing the transient RF

field. A smaller contribution to the signal increase may be

due to the in-field freezing of small volume SP clusters

which in ZF are dynamic on the NMR timescale, with

T2< 10 ls. At 1.6 K, the coercive field l0Hc is estimated at

0.3 T from magnetization measurements,22 and Fig. 1(b)

indeed shows that the amplitude of the NMR signal increases

significantly for H>Hc.

We turn now to the behavior of 1/T2 as a function of

both l0H and T, which is central to this paper. Fig. 2 shows

1/T2 vs. l0H in the range 0–2.5 T, while Fig. 3 is a log-log

plot of 1/T2 vs. T for l0H values of 0 and 1 T. From Fig. 2 it

can be seen that for component F2 at 1.6 K the application of

l0H¼ 1 T leads to a decrease in 1/T2 by a factor �5. A simi-

lar decrease is found for component F1 (also shown). The

inset in Fig. 2 gives the behavior with l0H of the stretched

exponential exponent b for both F1 and F2. After an initial

increase in the range 0 � l0H � 0:5 T, b reaches high field

plateau values of 0.90 for F1 and 0.76 for F2.

FIG. 1. Magnetic field dependence at 1.6 K of (a) the 55Mn resonance fre-

quency for the component F2 of the NMR spectrum of polycrystalline

Ni43Co7Mn40Sn10, which is shown in the inset and (b) the NMR signal

amplitude of F2 after correction for changes in the signal enhancement fac-

tor g produced by the applied field. The slope of the dashed straight line

through the data in (a) is given by �55c=2p ¼ �10:5 MHz while the sigmoi-

dal fit in (b) is a guide to the eye. The inset in (b) gives the predicted form of

the magnetic energy function in dimensionless units as a function of h, the

angle the cluster spin makes with the easy axis. For convenience, the applied

field is chosen parallel to the easy axis.

FIG. 2. Variation of the 55Mn spin-spin relaxation rate 1/T2 in Ni43Co7Mn40Sn10

as a function of applied field at 1.5 K for the F1 and F2 spectral components

shown in the inset in Fig. 1(a). The curves shown are fits based on Eq. (2)

and represent the cluster model predicted behavior with allowance for a

competing relaxation mechanism in fields high compared to the anisotropy

field. The inset gives a plot of the stretched exponential exponent b vs. field,

showing plateau behavior above 0.5 T.

252403-2 Kuhns et al. Appl. Phys. Lett. 108, 252403 (2016)



Figure 3 shows that for F2, the field-induced decrease in

1/T2 persists to T> 35 K, the highest temperature at which

the ZF relaxation rate measurements were made. Similar

behavior is found for component F1 (data not shown). The

dashed straight lines through the points are guides to the eye.

While spin echo signals were observed in ZF at temperatures

above 35 K, the reduced signal-noise ratio prevents reliable

measurements of T2 at higher T. For the l0H¼ 1 T case,

the T2 measurements can be made above 35 K because of the

field-induced increase in both the NMR signal amplitude

(Fig. 1(b)) and T2. Interestingly, the ZF 1/T2 values show an

abrupt change in T dependence around 7 K, as indicated by

the significant difference in slope above and below 7 K. The

inset (a) in Fig. 3 gives the behavior of the exponent b with

T for component F2 in ZF. The steady decrease in b with

increasing T points to a change in the relaxation rate distribu-

tion linked to thermally-induced changes in the cluster size

distribution. Inset (b) in Fig. 3 is a Korringa plot of 1/T1T vs.
T based on spin-lattice relaxation rate data given in Ref. 26.

The strong field dependence of 1/T1T suggests that inter-

cluster dipolar interactions, in addition to carrier scattering,

are involved in the spin-lattice relaxation process. Dipolar

interactions are likely to play a secondary role to intra-

cluster dynamics in determining 1/T2. The low temperature

collective intra-cluster oscillation mechanism, which is of

central importance for 1/T2 via nuclear spin dephasing, is

unimportant for 1/T1 which involves energy transfer to the

lattice as discussed in Ref. 25.

In order to understand this in-field behavior of 1/T2, we

first focus on the dynamical behavior of SP clusters in ZF,

which is determined by the magnetocrystalline anisotropy

energy EA and involves the angle h between the cluster

magnetization and the crystal easy axis. Assuming uniaxial

magnetocrystalline anisotropy, this energy takes the form

EA ¼ KAV sin2h, displaying minima at h ¼ 0 and p (inset to

Fig. 1(b)). KA here is the anisotropy energy density and V is

the cluster volume.27,28 For KAV � kBT, where kB is

Boltzmann’s constant, we have h2
m ¼ kBT=KAV with h2

m the

mean square amplitude of the collective spin oscillations. In

general, both thermally activated intra-well and inter-well

transitions between different energy states for a spin cluster

need to be considered. The inter-well transition time s is

given by the N�eel-Arrhenius (NA) relation used, for example,

in interpreting DC magnetization results for SP systems.22,25

Based on the SP dynamics model described above, we

have previously obtained the following expression for the

NMR transverse relaxation rate for a particular cluster of

volume V25

1

T2

¼ 1

12
S Sþ 1ð Þ x2

I

x2
S

 !
T

T�

� �2
1

sc

� �
: (1)

Here, S is the Mn atom electron spin in the alloy, xI ¼ 2pf ,

with f the NMR frequency, and xS ¼ 2p=s0 involves the

pre-exponential factor s0 used in the NA expression for SP

clusters. For convenience, we define T� ¼ KAV=kB. For a

system with a broad distribution of cluster sizes, there is a

corresponding distribution of T� values. The correlation

time sc is determined by the lifetime of a cluster in a partic-

ular energy state in a given potential well, i.e., it is associ-

ated with intra-well transitions, and is not the much longer

inter-well characteristic time given by the NA expression.

From an NMR perspective, sc is the phase decoherence

time for the fluctuating longitudinal hyperfine field at 55Mn

sites.

It is useful to express the anisotropy field HA in terms of

KA using KA ¼ 1
2
l0MHA ¼ 1

2
l0nlHA, where M, the cluster

magnetization, is given in terms of the spin density n in a

cluster, with each spin having moment l. Application of a

field comparable to or greater than HA then leads to a change

in the total magnetic energy given by E ¼ EA þ EH, with

EH ¼ �l0
~M � ~H , and hence to changes to the expression for

1=T2. For the special case in which the field H is applied par-
allel to the cluster easy axis, the cluster energy is given

by E=KAV ¼ ð sin2h62H=HA cos hÞ. Normalized illustrative

plots of E=KAV vs. h are shown in the inset in Fig. 1(b) for

H ¼ 0 and H ¼ 0:6HA. As can be seen in the figure, a rela-

tively small l0H produces a marked change in E.

In order to further quantify this discussion of field de-

pendence, we now examine the behavior of T2 as a function

of l0H for two different cases, as explained in detail below.

For a particular cluster, with H at an angle / to HA, the use

of the cosine formula gives the effective anisotropy field as

HE
A ¼ ðH2

A þ H262HAH cos /Þ1=2
with the þð�Þ sign corre-

sponding to 0 � / � p=2ðp=2 � / � pÞ. For a polycrystal-

line sample in which the HA are distributed over a sphere, it

is necessary to evaluate hemispherical averages for HE
A in

each case. For the þ case, in which HE
A increases, we obtain

hHE
Ai ¼ ðH2

A þ H2 þ HAHÞ1=2
. Modifying the expression for

T� by replacing KA by KE
A , the field-dependence of 1/T2 for a

given cluster due to an applied field can be written as

1

T2 Hð Þ
¼ 1

T2 0ð Þ
1þ H

HA
þ H2

H2
A

 !�1

: (2)

FIG. 3. Log-log plot of the 55Mn spin-spin relaxation rate 1/T2 vs. T for

Ni43Co7Mn40Sn10, measured in zero field and in 1 T, for the F2 spectral

component specified in Fig. 1(a).The straight lines drawn through the data

points are guides to the eye. The inset (a) shows a plot of the stretch expo-

nent b vs. T in zero field. Inset (b) is a Korringa plot of 1/T1T vs. T based on

spin-lattice relaxation rate data given in Ref. 26. The strong field depend-

ence of 1/T1 is attributed to field-induced changes in the inter-cluster dipolar

interactions.

252403-3 Kuhns et al. Appl. Phys. Lett. 108, 252403 (2016)



As an approximation, at a given T we neglect any changes in

sc produced by H. Equation (2) predicts that for clusters of a

particular volume, 1=T2ðHÞ should decrease steadily with H
for H<HA and then more rapidly for H>HA. The alloy

Ni43Co7Mn40Sn10 has a distribution of F cluster sizes, how-

ever, which gives rise to a distribution of both longitudinal

(1/T1) and transverse (1/T2) relaxation rates.26 Additionally,

the observed spin echo decay curves, from which T2 is deter-

mined, have stretched exponential form. For simplicity, we

use the stretched exponential T2 values as an average over

the cluster distribution. At a given temperature, 1=T2 is

largely determined by clusters with sizes in the vicinity of

the most probable size and to a fair approximation the behav-

ior will follow the predictions of Eq. (2). We therefore take

T� ¼ hKAVi=kB, where hKAVi represents an average of KAV
over the distribution.

If both T and H are allowed to vary, then with the use of

Eq. (1), and again neglecting any changes in sc, we obtain

the following expression for clusters of a particular size:

1

T2 T;Hð Þ �
1

T2 T0;H0ð Þ
T

T� T;Hð Þ

� �2

; (3)

with T0 and H0 chosen as a reference temperature and a ref-

erence field, respectively. The behavior of T�ðT;HÞ with T
and H depends on both KA and V. In order to allow for a

temperature-dependent distribution of V values, simulation

of the stretched exponential spin echo decay curve, at given

T and H, could be generated by numerical integration over a

selected volume distribution (e.g., Gaussian) and the results

used to predict, for example, the T dependence of

1=T2 ðT;HÞ at a particular H. In the interest of simplicity,

however, we have simply used Eqs. (2) and (3) in the discus-

sion of the results given below. We note that the use of

Eq. (2) with fixed T, and correspondingly a stable cluster

size distribution, is expected to provide a good approxima-

tion to the H-dependent observations, while the more general

Eq. (3), which allows for changes in both T and H, is likely

to be less reliable in accounting for the observed behavior

since significant changes in the cluster size distribution may

occur with increasing T.

The curves fit to the data in Fig. 2 are based on Eq. (2)

with HA as an adjustable parameter and with allowance for a

small H-independent contribution, denoted by C, which is

added to Eq. (2). This H-independent contribution becomes

increasingly important for H > HA. For F1, we find l0HA

¼ 0.35 6 0.05 T and C¼ 2.0 ms�1 while for F2, we get

l0HA¼ 0.4 6 0.05 T and C¼ 5.0 ms�1. Encouragingly, the

l0HA values derived from the fits in Fig. 2 are fairly close

to the 5 K coercive field l0HC � 0:3 T obtained for

Ni44Co6Mn40Sn10 from low-field magnetization hysteresis

loops.22 Previous independent estimates of l0HA based on the

ZF 55Mn NMR enhancement factor g in Ni43Co7Mn40Sn10 at

1.6 K give l0HA � 0.2 T, with fairly large uncertainties

(�25%). The extracted l0HA values are thus quite reasonable.

In order to understand the need for C, which captures

the high H plateau in Fig. 2, it is necessary to consider other

relaxation mechanisms involving, for example, inter-cluster

dipolar interactions which become important in the long T2

limit. As noted above, evidence for the role of inter-cluster

dipolar interactions has previously been obtained from the

field-dependence of the spin-lattice relaxation rate in

Ni43Co7Mn40Sn10 as shown in the Korringa plot (based on

Ref. 26 results) given in inset (b) in Fig. 3. Furthermore, the

plateau behavior of b, at comparatively high values as shown

in the inset to Fig. 2 for l0H > 0:5 T, is also an indicator of

changes in the relaxation mechanism, from intra-cluster dy-

namics to an inter-cluster mechanism involving rapidly flip-

ping small SP clusters.

The above results show that the intra-cluster dynamics

model, used in the fit procedure for 0 � l0H � 2HA in

Fig. 2, and which assumes an averaged spheroidal cluster

size, provides a simple but useful basis for analyzing the

NMR T2 data. The distribution of cluster sizes gives rise

to an average T� which involves hKAVi at a given T. We

note for context that a spheroidal cluster of radius 2 nm has

T� � 200 K in ZF, and the value of T� increases rapidly as

the cluster volume increases.

We turn now to the dependence of 1=T2 on T for

Ni43Co7Mn40Sn10 in applied fields of 0 and 1 T as shown in

the log-log plot in Fig. 3. As noted above, the ZF trend in

1=T2 with T shows an abrupt change in slope around 7 K.

The dashed straight lines, drawn as guides through the data

points in Fig. 3, correspond to a T-dependence of the trans-

verse relaxation rate given by 1=T2 / T� . The exponent �
changes from 0.4 to 1.0 for the ZF lines below and above

7 K, respectively. In contrast, for the 1 T case, � � 0.2 and is

constant over the range shown. We note that previous meas-

urements on Ni43Co7Mn40Sn10 have revealed that in ZF, the

AF matrix, in which the FM clusters are embedded, becomes

dynamic as T increases with TNMR
B < 10 K.26 The above con-

siderations suggest that it is the change in the dynamics of

the AF clusters which causes the 7 K slope change at ZF in

Fig. 3.

Finally, we note that the application of l0H ¼ 1 T

results in the displacement of 1=T2 to lower values than that

in ZF at all T, as shown in Fig. 3. The � values obtained for

the ZF and 1 T cases are different and significantly lower

than the value � ¼ 2 inferred from Eq. (3). The fairly weak

dependence of 1=T2 on T implies that in the ratio T=T�ðT;HÞ
in Eq. (3), an increase in T is offset, to some extent, by a

change in T�. Since T� / hKE
AVi, Fig. 3 suggests that the

cluster average hKE
AVi increases with T due to the unblocking

of the low V clusters. Equation (3), with H constant, can be

modified by taking T� / Td with d an exponent somewhat

less than unity. The T-dependence of T� reflects the decline

in contributions to the NMR signal from the lower volume

clusters in the distribution, as T exceeds their TNMR
B values.

These results demonstrate that the SP cluster model, with

some allowance for a distribution of cluster volumes, pro-

vides a semi-quantitative method for analyzing the NMR

relaxation rate results obtained for the F2 component in

Ni43Co7Mn40Sn10, as a function of both l0H and T.

In summary, we have shown that the application of rela-

tively small applied magnetic fields, comparable to the ani-

sotropy field in nanoscale F clusters in the martensitic phase

of the representative Heusler alloy Ni43Co7Mn40Sn10, pro-

duces significant changes in 55Mn NMR behavior and in par-

ticular in the transverse relaxation rate, which is of central

importance in determining the spin echo response. The

252403-4 Kuhns et al. Appl. Phys. Lett. 108, 252403 (2016)



findings are explained using a model in which the nanoscale

cluster dynamics is altered by an applied field. Our analysis

provides an instructive test of the cluster model. The model

is applicable to other inhomogeneous magnetic systems in

which nanoscale clusters are found and the approach can pro-

vide important information on the local magnetic properties.
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