TECHNICAL NOTE

Real-Time FORC (RTForc™)
Software for the 8600 Series VSM

B. C. Dodrill, H. S. Reichard, and T. Shimizu, Lake Shore Cryotronics
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Key Features
B Fully automated FORC data acquisition using the 8600 VSM software

B FORC distributions are calculated and displayed in real-time, significantly reducing
the time required to collect and analyze FORC data

B Users can change between the (H,, Hyp) and (H¢, H,) coordinate systems, select
smoothing factors (SF) and number of contours to be displayed, export the FORC
diagram image, etc.

B Qutput data is compatible with FORCinel post-processing software
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Background

First-order-reversal-curve (FORC) measurements and
analysis provide information regarding magnetic reversal
mechanisms in magnetic materials that cannot be obtained
from major hysteresis loop measurements alone. It has
been extensively used by earth and planetary scientists
studying the magnetic properties of natural samples (rocks,
soils, sediments, etc.) because FORC can distinguish
between single-domain (SD), multi-domain (MD), and
pseudo single-domain (PSD) behavior, and because it can
discriminate between different magnetic mineral species’ 2.
It has proven to be useful in better understanding the nature
of magnetization reversal and interactions in magnetic
nanowires®~7, nanomagnet arrays®-'", thin film magnetic
recording media'?-'4 and thin film magnetic multilayers™
-17, nanostructured permanent magnet materials'®'®, soft
magnetic bilayers?® and magneto-caloric effect (MCE)
materials®'. It has also been used to differentiate between
phases in multiphase magnetic materials because it is very
difficult to unravel the complex magnetic signatures of such
materials from a hysteresis loop measurement alone??-24,

A FORC is measured by saturating a sample in a field Hggt,
decreasing the field to a reversal field H,, then measuring
moment versus field Hy, as the field is swept back to Hgat.
This process is repeated for many values of H,, yielding

a series of FORCs as shown in figure 1 for a magnetic
tape. The FORC distribution p(H,, Hp) is the mixed second
derivative:

p(Ho Hy) = -(1/2)0° M(H,, Hp,)/0H0H,,

A FORC diagram is a 2D or 3D contour plot of p(Hg, Hp). It is
common to change the coordinates from (H,, Hp,) to:

Hc = (Hy-Ha)/2, H, = (Hy + Hy)/2

H, represents the distribution of interaction or reversal
fields, and H. represents the distribution of switching or
coercive fields. The 2D FORC diagram for the magnetic
tape is shown in figure 2.

A FORC diagram not only provides information regarding
the distribution of interaction and switching fields, but also
serves as a “fingerprint” that gives insight into the domain
state and nature of interactions occurring in magnetic
materials. In a FORC diagram entirely closed contours are
usually associated with SD behavior, while open contours
that diverge towards the H, axis are associated with MD,
and open and closed contours together are associated with
PSD. The peak in the FORC distribution is usually centered
at a switching field H. that correlates with the coercivity as

determined from a hysteresis loop measurement. If the peak
in the FORC distribution is centered at an interaction field
H, = 0 this means that interactions are weak. Conversely,

if the peak is shifted towards positive H,, they are strong.
Multiple peaks in a FORC diagram mean there are multiple
magnetic phases in a material. And the very shape of

the FORC distribution provides insight into the nature of
interactions (dipolar, exchange) that are occurring in a
magnetic material.

The use of RTForc™ for FORC measurements

Conducting FORC measurements and analysis is usually
an iterative process whereby one defines the FORC data
acquisition parameters (figure 3 shows an example FORC
Measurement setup), conducts the measurement, and then
processes the data to generate a FORC diagram using 3
party software (e.g., FORCinel?®, VARIFORC?). After the
first FORC measurement, adjustments are often made to
the FORC acquisition parameters and the sample is re-
measured to better optimize the FORC diagram, e.g., (Hc,
H,) range, resolution, etc. Since FORC measurements can
take tens of minutes to several hours or longer (depending
on the density of data being collected, and the sample
being measured), the time required to produce the desired
FORC diagram can be quite long. Real-time FORC
generates the FORC diagram as data is being collected,
enabling one to easily see if FORC parameters were defined
correctly, and thus significantly reduces the amount of time
required to optimally collect and analyze FORC data.

€3

500E-6

Moment (m) [emu]
°

S00E-6

1563

2000.000 1000000 2000.000

1000.000 0000
Field [Oe]

Figure 1: Measured FORCs for a magnetic tape.
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Example RTForc diagrams:
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Figure 2: RTForc diagram for the magnetic tape. The peak is centered at
H. which correlates with the coercivity of the sample as determined from
a hysteresis loop measurement. The peak is shifted towards negative
interaction fields H, and the distribution has a “boomerang” shape. These
are features that are usually associated with exchange interactions.

FORC Measurement

Saturation field FORC Spacing

Saturation field: 10 kOe Number of FORCs: 75

Default FORC settings Pause at saturation field: 0.10 seconds.

Pause at reversal fields: 1.00 seconds

Field step size: 40.540541 Oe

Averaging time: 0.10 seconds

Estimated execution time (hhomm:ss)y: 00:15:26

FORC data acquisition range FORC Analysis (Classic mode only)

® Classic [¥]show FORC diagram on the fiy

Minimum Hu field: 750 Oe Smoothing factor: 3

750 Oe []Rotate 45 degrees

[Z]Truncate for a rectangular diagram

Maximum Hu field:
Maximum He field: 15 kOe
S Number of contours: 15
Pause at calibration field: 1.00 seconds
[¥JEnable re-griciding
Extended range gring
[¥ICorrect for drift
Initial Ha field:

Figure 3: Example 8600 VSM FORC Measurement setup.

Watch a video demonstrating
an RTForc™ measurement
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Figure 4: RTForc diagram for a marine sediment sample. The FORC
diagram consists of both closed and open contours, the latter diverging
towards the H, axis. These features are usually associated with pseudo-
single domain (PSD) behavior.

Hu (Oe)

Hc (0e) 1e3

Figure 5: RTForc diagram for a BaFe 1,019 nanoparticles (NP) sample.
There are two peaks corresponding to low (soft) and high (hard) coercivity
components, and the region between the two peaks is related to the
exchange coupling between the two phases?®.
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Figure 6: RTForc diagram for a permanent magnet sample. The FORC
diagram has a “wishbone” like feature which is usually associated with
long-range magneto-static (dipolar) interactions.
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