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It is difficult to mix solutions in microchannels. Under typical operating
conditions, flows in these channels are laminar—the spontaneous fluctu-
ations of velocity that tend to homogenize fluids in turbulent flows are
absent, and molecular diffusion across the channels is slow. We present a
passive method for mixing streams of steady pressure-driven flows in mi-
crochannels at low Reynolds number. Using this method, the length of the
channel required for mixing grows only logarithmically with the Péclet
number, and hydrodynamic dispersion along the channel is reduced relative
to that in a simple, smooth channel. This method uses bas-relief structures
on the floor of the channel that are easily fabricated with commonly used
methods of planar lithography.

Microfluidic systems are now widely used
in biology and biotechnology; applications
include analysis (of DNA and proteins) (1),
sorting (of cells) (2), high-throughput
screening (3), chemical reactions (4 ), and
transfers of small volumes (1 to 100 nl) of
materials (5). Typical uses of microfluidic
devices (e.g., chemical analysis in the field)
require that these systems be inexpensive
and simple to operate; microfluidic compo-
nents that operate with pressure flow and
few moving parts are desirable. Microflu-
idic designs should also be compatible with
the planar, layer-by-layer geometries that
are imposed by current, lithography-based
techniques of microfabrication. Physically,
flows of common liquids at practical pres-
sures in microfluidic channels (typical
cross-sectional dimension, l ; 100 mm) are
characterized by low values of the Reyn-
olds number (Re 5 Ul/n , 100, where U is
the average flow speed and n is the kine-
matic viscosity of the fluid) (6 ); general
strategies for controlling flow in microflu-
idic devices should not depend on inertial
effects, because these only become impor-
tant for Re .. 1.

Mixing of the fluid flowing through mi-
crochannels is important in a variety of ap-
plications: e.g., in the homogenization of so-
lutions of reagents used in chemical reac-

tions, and in the control of dispersion of
material along the direction of Poiseuille
flows (7, 8). At low Re, in simple channels
(i.e., with smooth walls), pressure flows are
laminar and uniaxial, so the mixing of mate-
rial between streams in the flow is purely
diffusive. Even on the scale of a microchan-
nel, this diffusive mixing is slow compared
with the convection of material along the
channel; the Péclet number is large (Pe 5
Ul/D . 100, where D is the molecular diffu-
sivity) (9). For such uniaxial flows, the dis-
tance along the channel that is required for
mixing to occur is Dym ; U 3 (l2/D) 5 Pe
3 l (10). This mixing length can be prohib-
itively long (..1 cm) and grows linearly
with Pe.

To reduce the mixing length there must
be transverse components of flow that
stretch and fold volumes of fluid over the
cross section of the channel. These stirring
flows will reduce the mixing length by
decreasing the average distance, Dr, over
which diffusion must act in the transverse
direction to homogenize unmixed volumes.
In a steady chaotic flow, the stretching and
folding of volumes of the fluid proceed
exponentially as a function of the axial
distance traveled by the volume: Dr 5 l
exp(2Dy/l), where the initial transverse
distance is taken to be l, and l is a charac-
teristic length determined by the geometry
of trajectories in the chaotic flow (11, 12).
For large Pe, in a flow that is chaotic over
most of its cross section, we expect an
important reduction of the mixing length
relative to that in an unstirred flow: Dym ;
lln(Pe) (13).

Several protocols for mixing based on
chaotic flows have been proposed and dem-
onstrated in macroscopic systems (typical
dimension .1 cm) (12); mixing on mi-
croscales remains difficult. The group of

Beebe has demonstrated chaotic stirring in
a helical microchannel; in this design, stir-
ring occurs as a result of eddies at the bends
in the channel in flows of intermediate Re
(i.e., Re . 1) (14 ). This mixer is compli-
cated to fabricate and inefficient at low Re
(Re , 1). Active mixers require either ex-
ternal, variable-frequency pumps or inter-
nal moving components (15). Active mix-
ers require variable-frequency pumps off-
chip or moving components on-chip. Here,
we present a general strategy for creating
transverse flows in microchannels that can
be used to induce chaotic stirring at low Re
(0 , Re , 100).

To generate transverse flows in micro-
channels by using a steady axial pressure
gradient, we place ridges on the floor of the
channel at an oblique angle, u, with respect
to the long axis ( ŷ) of the channel (Fig.
1A). This type of structure can be fabricat-
ed with two steps of photolithography. We
used soft lithographic methods to make the
channels in poly(dimethylsiloxane) (16,
17 ). These ridges—similar to rifling in a
gun barrel—present an anisotropic resis-
tance to viscous flows (flows with low Re):
There is less resistance to flow in the di-
rection parallel to the peaks and valleys of
the ridges (along ŷ9) than in the orthogonal
direction (along x̂9) (18). As a result of this
anisotropy, an axial pressure gradient
(along ŷ) generates a mean (averaged over
a period of the topography) transverse com-
ponent in the flow (along x̂) that originates
at the structured surface; the fluid circu-
lates back across the top of the channel
(along 2x̂). As indicated schematically by
the two trajectories drawn in Fig. 1A, the
full flow has helical streamlines. The opti-
cal micrograph in Fig. 1B shows the trajec-
tories of two streams of fluid (red and
green) in a microchannel such as the one in
Fig. 1A.

The frames in Fig. 1C are confocal mi-
crographs of the vertical cross section of a
channel similar to those in Fig. 1, A and B.
As indicated on these images, we use the
leading edge of the fluorescent region to
measure the angular displacement of the
fluid in the cross section, Df. Within the
Stokes flow regime (Re , 1) and for small
ridges relative to the height of the channel
(relative height, a , 0.3), we have checked
that the form of the flow (i.e., the shape of
the trajectories) is independent of Re. We
also found that the form of the flow remains
qualitatively the same for Re , 100. Fur-
thermore, the experimentally observed de-
pendence of the average rate of rotation,
dDf/dy, on geometrical parameters (q, h,
w, and u) can be rationalized with a simple
model (19, 20).

The ability to generate transverse flows
in microchannels makes it possible to de-
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sign steady chaotic flows for use in mi-
crofluidic systems. A mixer based on pat-
terns of grooves on the floor of the channel
is shown schematically in Fig. 2A; we refer
to this design as the staggered herringbone
mixer (SHM). One way to produce a cha-
otic flow is to subject volumes of fluid to a
repeated sequence of rotational and exten-
sional local flows (21). This sequence of
local flows is achieved in the SHM by
varying the shape of the grooves as a func-
tion of axial position in the channel: The
change in the orientation of the herring-
bones between half cycles exchanges the
positions of the centers of rotation (local
rotational flow, “c” in the Fig. 2A) and the
up- and down-wellings (local extensional
flow, “u” and “d” in Fig. 2A) in the trans-
verse flow. Figure 2B shows the evolution
of two streams through one cycle of the
SHM.

In the SHM, the efficiency of mixing is
controlled by two parameters: p, a measure
of the asymmetry of the herringbones; and
Dfm, a measure of the amplitude of the
rotation of the fluid in each half cycle (22).
The angular displacement, Dfm, is con-
trolled by the geometry of the ridges (20)
and the number of herringbones per half
cycle (10 in the case shown in Fig. 2). As p
goes to one-half (i.e., symmetric herring-
bones) or Dfm goes to zero, the flow be-
comes nonchaotic. For p 5 2/3 and Dfm .
60°, most of the cross-sectional area is
involved in the chaotic flow (23). As in the
twisting flow (Fig. 1), the form of flow in
the SHM is independent of Re in the Stokes
regime, and we have verified experimental-
ly that it remains qualitatively the same for
Re , 100.

The diagrams in Fig. 3, A to C, show the
experiments we used to characterize mix-
ing. At the entrance of the channel, distinct
streams of a fluorescent and a clear solution
fill opposite halves of the cross section of
the channel. The micrographs in Fig. 3, A
and B, show that for flows with high Péclet
number (Pe 5 2 3 105), there is negligible
mixing in a simple channel (Fig. 3A) and
incomplete mixing in a channel with
straight ridges (Fig. 3B) after the flow has
proceeded 3 cm—the typical dimension of
a microfluidic chip— down the channel.
The confocal cross sections in Fig. 3C
show that thorough mixing occurs at even
higher Pe (9 3 105) in a channel that
contains the SHM (24 ). The micrographs in
Fig. 3C also show the rapid increase in the
number of filaments and decrease in their
thickness, Dr, as a function of the number
of mixing cycles.

To quantify the degree of mixing (con-
vection plus diffusion) as a function of the
axial distance traveled in the mixer and of
Pe, we measure the standard deviation of

the intensity distribution in confocal imag-
es of the cross section of the flow like those
in Fig. 3, A to C: s 5 ^(I 2 ^I &)2&1/2, where

I is the grayscale value (between 0 and 1)
of a pixel, and ^ & means an average over all
the pixels in the image. The value of s is

Fig. 1. Three-dimensional twisting flow in a channel with obliquely oriented ridges on one wall. (A)
Schematic diagram of channel with ridges. The coordinate systems (x, y, z) and (x9, y9, z) define the
principal axes of the channel and of the ridges. The angle u defines the orientation of the ridges
with respect to the channel. The amplitude of the ridges, ah, is small compared to the average
height of the channel, h (a , 0.3). The width of the channel is w and principal wavevector of the
ridges is q. The red and green lines represent trajectories in the flow. The streamlines of the flow
in the cross section are shown below the channel. The angular displacement, Df, is evaluated on
an outer streamline. (B) Optical micrograph showing a top view of a red stream and a green stream
flowing on either side of a clear stream in a channel such as in (A) with h 5 70 mm, w 5 200 mm,
a 5 0.2, q 5 2p/200 mm21, and u 5 45°. (C) Fluorescent confocal micrographs of vertical cross
sections of a microchannel such as in (A). The frames show the rotation and distortion of a stream
of fluorescent solution that was injected along one side of the channel such as the stream of green
solution in (B). The measured values of Df are indicated (29).

Fig. 2. Staggered herringbone mixer (SHM). (A) Schematic diagram of one-and-a-half cycles of the SHM.
A mixing cycle is composed of two sequential regions of ridges; the direction of asymmetry of the
herringbones switches with respect to the centerline of the channel from one region to the next. The
streamlines of the flow in the cross section are shown schematically above the channel. The angle, Dfm,
is the average angular displacement of a volume of fluid along an outer streamline over one half cycle
in the flow generated by the wide arms of the herringbones. The fraction of the width of the channel
occupied by the wide arms of the herringbones is p. The horizontal positions of the centers of rotation,
the upwellings, and the downwellings of the cellular flows are indicated by c, u, and d, respectively. (B)
Confocal micrographs of vertical cross sections of a channel as in (A). Two streams of fluorescent
solution were injected on either side of a stream of clear solution (29). The frames show the distribution
of fluorescence upstream of the features, after one half cycle, and after one full cycle. The fingerlike
structures at the end of the fluorescent filaments on the bottom left of the second two frames are due
to the weak separation of streamlines that occurs in the rectangular grooves even at low Re. In this
experiment, h 5 77 mm, w 5 200 mm, a 5 0.23, q 5 2p/100 mm21, p 5 2/3, and u 5 45°, and there
were 10 ridges per half cycle. Re , 1022. Dfm ; 180°.
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0.5 for completely segregated streams and
0 for completely mixed streams. Figure 3D
shows the evolution of s for flows of dif-
ferent Pe in the SHM (open symbols), in a
simple channel as in Fig. 3A (Œ), and in a
channel with straight ridges as in Fig. 3B
(F). We see that the SHM performs well
over a large range in Pe; as Pe increases by
a factor of ;500 (Pe 5 2 3 103 to Pe 5
9 3 105), the mixing length, Dy90, required
for 90% mixing (dashed line), increases by
less than a factor of 3 (Dy90 5 0.7 cm to
Dy90 5 1.7 cm). In Fig. 3E, we see that
Dy90 increases linearly with ln(Pe) for large
Pe, as expected for chaotic flows. Within
the limits of our simple model of mixing
(13), we estimate from the linear portion of
the plot in Fig. 3E that l is on the order of
a few millimeters; the average width of the
filaments of unmixed fluid decreases by a
factor of ;3 as the fluid travels this axial
distance. This estimate agrees qualitatively
with the evolution seen in Fig. 3C.

On the basis of the results presented in
Fig. 3, consider mixing a stream of protein
solution in aqueous buffer (molecular
weight 105, D ; 1026 cm2/s) with U 5 1
cm/s and l 5 0.01 cm. For this system, Pe
5 104. The mixing length in a simple mi-
crochannel would be Dym ; Pe 3 l 5 100
cm. On the basis of Fig. 3D, the mixing

length in the SHM would be, Dym ; 1 cm.
Furthermore, increasing the flow speed by
a factor of 10 (i.e., to Pe 5 105) will
increase the mixing length in the SHM to
Dym ; 1.5 cm. With the same change in
flow speed, the mixing length in the ab-
sence of stirring will increase 10-fold, to
Dym ; 103 cm.

An important application of mixing in
pressure flows is in the reduction of axial
dispersion. Axial dispersion is important in
determining performance in pressure-driv-
en chromatography— e.g., in the transfer of
fractions from a separation column to a
point detector—where it leads to peak
broadening. The most rapid dispersion of a
band of solute takes place when its axial
length is much shorter than the mixing
length of the solute in the flow. During this
stage, the length of the band grows at the
maximum speed of the flow (i.e., more
quickly than the center of the band moves
along the channel). This effect is illustrated
schematically in the diagram in Fig. 4A for
an unstirred Poiseuille flow. Once the
length of the band is greater than the mix-
ing length, volumes of fluid have sampled
both fast and slow regions of the flow, and
the broadening of the band becomes diffu-
sive, i.e. ; =Deff tr, where Deff is an effective
diffusivity that again depends on the mixing

length and tr is the residence time of the band in
the flow (8, 25).

The experiments presented in Fig. 4
demonstrate that, by stirring the fluid in the
cross section of the flow, the SHM (Fig.
4C) reduces the extent of the initial, rapid
broadening of a band of material relative to
that in an unstirred flow (Fig. 4B). The
mixing length in the unstirred flow is
Dym ; 100 cm. In this case, the asymmetry
of the trace of fluorescence intensity as a
function of time measured near the end of
the channel (green trace in Fig. 4B) indi-
cates that the band is still broadening rap-
idly as it reaches the end of the channel:
The fluorescent fluid in the fast, uniform
flow near the center of the channel is weak-
ly dispersed and arrives at the detector first
(steep initial rise of the trace); the fluores-
cent fluid in the shear flow near the walls is
strongly dispersed and arrives at the detec-
tor later (long tail of the trace). With the
SHM (Fig. 4C), the mixing length is Dym ;
1 cm (estimated from the curves in Fig. 3D
for Pe 5 104). In this case, the band broad-
ens rapidly in the first few centimeters of
the channel as indicated by the asymmetry
of the trace acquired 2 cm downstream
from the inlet (blue trace in Fig. 4C). The
traces acquired further downstream are no-
ticeably more symmetrical; this change in-

Fig. 3. Performance of
SHM. (A to C) (Left)
Schematic diagrams of
channels with no struc-
ture on the walls (A),
with straight ridges as in
Fig. 1 (B), and with the
staggered herringbone
structure as in Fig. 2 (C).
In each case, equal
streams of a 1 mM so-
lution of fluoroscein-la-
beled polymer in water/
glycerol mixtures (0 and

80% glycerol) and clear solution were injected into the
channel (29, 30). (Right) Confocal micrographs that show
the distribution of fluorescent molecules in the cross
section of the channels at a distance of 3 cm down the
channels in (A) and (B) and at distances of 0.2, 0.4, 0.6,
0.8, 1.0, and 3 cm down the channel (i.e., after 1, 2, 3, 4,
5, and 15 cycles of mixing) in (C). Experimental parame-
ters: (A) h 5 70 mm, w 5 200 mm, Re ; 1022, Pe 5 2 3
105; (B) h 5 85 mm, w 5 200 mm, a 5 0.18, u 5 45°, q 5
2p/100 mm21, Re ; 1022, Pe 5 2 3 105; (C) h 5 85 mm,
w 5 200 mm, a 5 0.18, q 5 2p/100 mm21, p 5 2/3, u 5
45°, Re ; 1022, Pe 5 2 3 105, six ridges per half-cycle,
Dfm ; 60°, Re ; 1022, Pe 5 9 3 105. (D) Plot of the
standard deviation, s, of the fluorescence intensity in

confocal images such as in (A) to (C) as a function of the distance down the channel, Dy. Only the central
50% of the area of the images [indicated in the bottom frame in (C)] was used to measure s to eliminate
variations in the fluorescence intensity due to optical effects at the channel walls. The open symbols are
for the mixing channel in (C): (E) for Pe 5 2 3 103, (h) for Pe 5 2 3 104, (‚) for Pe 5 2 3 105, and
({) for Pe 5 9 3 105. 1022 # Re # 10 in these experiments. The points (Œ) are for a smooth channel
(A), and (F) are for a channel with straight ridges (B); for both, Pe 5 2 3 105. Horizontal dotted line
indicates the value of s used to evaluate Dy90, the axial distance required for 90% mixing. (E) Plot
of Dy90 as a function of ln(Pe) from the curves in (D).
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dicates a transition to diffusive broadening.
Note that, by reducing the mixing length,
the SHM will also reduce Deff (8, 26 ).

The SHM based on topography pat-
terned on the inner surfaces of microchan-
nels offers a general solution to the prob-
lem of mixing fluids in microfluidic sys-
tems. The simplicity of its design allows it
to be integrated easily into microfluidic
structures with standard microfabrication
techniques. A single design will operate
efficiently over a wide range of Re (we
have observed good mixing for 0 , Re ,
100) and Pe (a SHM that is 3 cm long will
fully mix all flows with Pe , 106). This
design adds a negligible resistance to flow
relative to that of a simple channel of the
same dimensions. More generally, topogra-
phy on the walls of microchannels can be
used to manipulate the position of streams
in a microchannel. For example, Fig. 1
demonstrates that two streams can cross
over one another in a channel with only
diffusional mixing.

We note that patterned topography on
surfaces such as the staggered herringbone
design can be used to generate chaotic
flows in contexts other than pressure-driv-
en flows in microchannels. For example,
similar structures on the walls of round
pipes and capillaries will generate efficient
mixing flows. Electroosmotic flows in cap-
illaries or channels that contain the stag-
gered herringbone structure ought to be
chaotic and mix adjacent streams efficient-
ly (20, 27 ). Chaotic flows will also exist in
the laminar shear flow in the boundary
layer of an extended flow over a surface
that presents the staggered herringbone

structure. This stirring of the boundary lay-
er should enhance the rates of diffusion-
limited reactions at surfaces (e.g., electrode
reactions) and heat transfer from solids into
bulk flows.
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A Group-IV Ferromagnetic
Semiconductor: MnxGe12x

Y. D. Park,* A. T. Hanbicki, S. C. Erwin, C. S. Hellberg,
J. M. Sullivan, J. E. Mattson,† T. F. Ambrose,‡ A. Wilson,§

G. Spanos, B. T. Jonker\

We report on the epitaxial growth of a group-IV ferromagnetic semiconductor,
MnxGe12x, in which the Curie temperature is found to increase linearly with
manganese (Mn) concentration from 25 to 116 kelvin. The p-type semicon-
ducting character and hole-mediated exchange permit control of ferromagnetic
order through application of a 60.5-volt gate voltage, a value compatible with
present microelectronic technology. Total-energy calculations within density-
functional theory show that the magnetically ordered phase arises from a
long-range ferromagnetic interaction that dominates a short-range antiferro-
magnetic interaction. Calculated spin interactions and percolation theory pre-
dict transition temperatures larger than measured, consistent with the ob-
served suppression of magnetically active Mn atoms and hole concentration.

Ferromagnetic (FM) semiconductors are ma-
terials that simultaneously exhibit semicon-
ducting properties and spontaneous long-
range FM order. Classic examples include the
europium chalcogenides and the chalco-
genide spinels, both extensively studied sev-
eral decades ago (1). The coexistence of these
properties in a single material provides fertile
ground for fundamental studies (2). However,
device applications have languished because
of low magnetic ordering (Curie) tempera-
tures and the inability to incorporate these
materials in thin film form with mainstream
semiconductor device materials.

Interest in ferromagnetic semiconductors
(FMSs) was rekindled with the discovery of
spontaneous FM order in In12xMnxAs in
1989 (3) and in Ga12xMnxAs in 1996 (4–6),
when FM properties were realized in semi-
conductor hosts already widely recognized

for semiconductor device applications. These
new FMS materials exhibit Curie tempera-
tures up to 35 K and 110 K, respectively, for
Mn concentrations of order 5% and suffi-
ciently high hole densities and have been
closely studied for their potential in future
spin-dependent semiconductor device tech-
nologies. For example, Ga12xMnxAs has
been used as a source of spin-polarized car-
riers in both light-emitting diodes (7) and
resonant tunneling diode heterostructures (6,
8). Electric field control of FM order has
recently been reported in In12xMnxAs hetero-
structures (9), demonstrating one of the
unique properties of these materials and por-
tending a host of new applications. Experi-
mental evidence for Curie temperatures
above 300 K has been reported in other ma-
terials, such as CdMnGeP2 (10).

We report on the preparation of a group-IV
FM semiconductor, MnxGe12x. Although most
experimental work on FMS has focused on
III-V and II-VI compounds, there is broad in-
terest in the group-IV semiconductors, C, Si,
Ge, and Si12xGex. A mean-field solution of a
Zener model has recently predicted that FM
order can be stabilized in these and other
diluted magnetic semiconductor families as
well (11–13). We grew single-crystal
MnxGe12x(001) films on both Ge and
GaAs(001) substrates. These films have
Curie temperatures in the range 25 to 116 K

for 0.006 # x # 0.035, are p-type with
carrier densities of ;1019 to 1020 cm23,
and exhibit a pronounced extraordinary
Hall effect. MnxGe12x has electronic and
magnetic properties that are very promising
for FMS device applications. The tempera-
ture dependence of the resistivity is semi-
conducting in character rather than metal-
lic, and the holes mediate the FM exchange,
as demonstrated in gated structures where
control of the hole density results in corre-
sponding control of FM order at gate volt-
ages compatible with present complemen-
tary metal-oxide-semiconductor (CMOS)
technology (60.5 V ). In addition, Ge is
closely lattice matched to the AlyGa12yAs
family and has higher intrinsic hole mobil-
ities than either GaAs or Si.

A group-IV host may also provide the sim-
plest system for studying the fundamental ori-
gins of FM order. To this end, we used density-
functional theory to study the electronic struc-
ture and magnetic interactions in MnxGe12x,
with the aim of providing a first-principles
foundation for future model descriptions. We
find a strong short-range antiferromagnetic in-
teraction between Mn spins competing with a
long-range FM interaction that dominates at all
Mn-Mn distances beyond nearest neighbor.
From our calculated spin coupling constants
and interaction range, we use percolation theory
to predict the dependence of the Curie temper-
ature on Mn concentration; the results suggest
that a substantial fraction of the Mn does not
participate in the FM ordering, consistent with
our experimental data.

As with the III-Mn-V FMS compounds, the
low solubility of Mn in Ge requires nonequilib-
rium growth techniques at reduced substrate
temperatures to minimize phase separation or
the formation of unwanted compounds (3–6,
14). The samples were grown by molecular
beam epitaxy from elemental Knudsen cell
sources at a growth rate of ;5 Å/min. After
thermal desorption of the GaAs or Ge(001) sub-
strate surface oxide at ;590°C, a thin buffer
layer of Ge was grown at a substrate tempera-
ture of 250°C. The substrate temperature was
reduced further to 70°C for the growth of
MnxGe12x to a typical thickness of 1000 Å to
avoid formation of bulk phase precipitates
(which plague the III-Mn-V compounds) (4,
15). Reflection high-energy electron diffraction
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